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ABSTRACT
Flows with suspended sediment are one of the most prevalent type of flows in
nature. They can be found in nature as hypoconcentrated flows, mudflows, la-
hars and turbidity currents, to name a few. Effect of suspended sediment on
the flow has wide ranging impact on geomorpholoy, ecological health, infrastruc-
ture health and contaminant transport. Thus, accurate prediction of suspended
sediment load and velocity profiles have been a relevant problem for more than
half a century. In the recent past new experimental and field observations have
helped to differentiate the effect due to cohesive and non-cohesive sediment;
but an inherent property of suspended sediment irrespective of being cohesive
or non-cohesive is to evolve into a stable stratification, thereby suppressing tur-
bulence in the flow. New insights into inherent mechanism of suppression of
turbulence due to self-stratification was aided by Direct Numerical Simulation
(DNS) simulations for a simplified formalism of the flow [8] and the present
study aims at furthering that work. In the present study, sediment is assumed
to be non-cohesive in nature and possessing a constant settling velocity and no
inertia. An Eulerian-Eulerian approach has been used for modeling the flow;
which is driven by a constant pressure gradient. In this thesis, we have explored
the effect of stratification on a pressure driven channel flow. We came across
two distinct regimes of the flow, one in which turbulence is damped but the flow
is still fully turbulent and the second in which the flow near the bottom wall
locally relaminarizes. A flow being part of the first or the second regime was
found to be dependent on the dimensionless number V˜ Riτ (particle fall velocity
multiplied by shear Richardson number), if shear Reynolds number (Reτ ) of
the flow remains constant. We also explored the differences between the effect
self-stratification has on a pressure driven channel flow and a pressure driven
boundary-layer (similar to open channel flow). We found appreciable difference
between the way channel flow and the boundary-layer reacted for exactly the
same value of V˜ Riτ and Reτ . The channel flow was found to be more suscepti-
ble to the effect of increasing stratification. The results for the boundary-layer
case was found to be in qualitative agreement with a recent study done for the
same configuration but with the driving force being, gravity acting on suspended
sediment (like in the case of a turbidity current).
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CHAPTER 1
INTRODUCTION
Flows with suspended sediment are one of the most prevalent types of flows
in nature. They can be found in nature as hypoconcentrated flows, subaerial
mudflows, lahars and fluid muds in shelf environment, to name a few. Effect
of suspended sediment on the flow has wide ranging impact on geomorpholoy,
ecological health, infrastructure health and contaminant transport. Accurate
prediction of suspended sediment load and velocity profiles have been a relevant
question for more than half a century. Seminal work on the topic was done by
Prof. Vito Vanoni [15] in 1946. Since then the field has evolved a lot, with
new experimental and field observations helping to differentiate the effect due
to cohesive and non-cohesive sediment. It has been observed for sediment laden
flows that the bulk streamwise velocity is always higher than a flow bereft of
any sediment. Over the years, this has been correctly attributed to the stratifi-
cation effect due to the density gradient created by settling suspended sediment.
Through indirect calculations, it became obvious that this stable stratification
also plays a part in reducing turbulent intensity of the flow [10]. The first di-
rect experimental observation of suppression of turbulence intensity was done
15 years ago [32], and since then there has been a spate of experimental studies
along that line. Further understanding of the inherent mechanism of suppression
of turbulence due to self-stratification was aided by Direct Numerical Simulation
(DNS) simulations for a simplified formalism of the flow [8],[14]. The present
study aims at furthering the work started by Cantero et al.[8]. In the present
study, sediment is assumed to be non-cohesive in nature and possessing a con-
stant settling velocity and no inertia. An Eulerian-Eulerian approach has been
used for modeling the flow; which is driven by a constant pressure gradient. In
chapter 2, we explore the effect of stratification on a pressure driven channel
flow. We will observe the trends shown by different parameters and try to come
up with a criterion which signals the change in regime of the flow, from fully tur-
bulent to locally laminar. In chapter 3, we explore the differences between the
effects self-stratification has on channel flow and a pressure driven boundary-
layer, which is more similar to different open channel flows we find in nature.
Finally, in appendix A we will elucidate the process of implementation of Large
Eddy Simulation (LES) on the DNS code we used for the present study.
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CHAPTER 2
EFFECT OF SELF-STRATIFICATION ON
CHANNEL FLOWS
Introduction
Almost all geophysical flows are multiphase and in most of them the dispersed
phase is suspended particulate matter e.g. sediment. Depending on the concen-
tration of sediment in a flow, it is either driven by gravity acting on the fluid
phase (rivers, saline intrusions etc.) or gravity acting on the dispersed phase
(turbidity currents, subaerial mudflows etc.). The sediment fluid interactions
and the processes involved is an important research question due to its wide
range of engineering and geophysical applications. Few examples of flows in na-
ture in which turbulence have been observed to be weakened are subaerial and
subaqueous mudflows [2], turbidity currents [3], lahars in volcanic environments
[4]. Many of these flows are calamitous, and their deposits constitute an impor-
tant part of the geological record. These factors provide motivation for gaining a
better understanding of the internal structures and driving mechanisms. Apart
from implications for sediment deposits, water-sediment interactions also have
an effect on water quality and ecological health of rivers through dependence
on factors like, turbidity levels and sediment-carried contaminants [5].
Irrespective of concentration of particulate matter in a flow, it is well known
since the groundbreaking work of Bagnold [6] that the turbulence structure of
flow is affected by the presence of suspended sediment. Presence of sediment
ignites interesting mechanisms that might lead to suppression [7] [8] [8] as well
as initiation of turbulence [9]. Ninio and Garcia [10] pointed towards the depen-
dence of turbulence modulation on size of sediment in suspension apart from the
concentration of suspended sediment. Another mechanism though which mod-
ulation (mostly suppression) of turbulence takes place is formation of cohesive
electrostatic bonds between clay particles [11]. This mechanism is especially im-
portant in high-concentration flows with non-Newtonian rheology. These kinds
of studies are rare in laboratory due to technical problems of data acquisitions
in high-concentration flows. Most of the knowledge was based on conceptual
models that may lack quantitative support. Recently [7] came up with a sem-
inal study, in which they investigated the dynamic structure of kaolin-laden,
unidirectional flows moving over a fixed, smooth bed for a range of sediment
concentration and depth-averaged velocity. The study showed the presence of
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five distinct flow regimes, turbulent flow, turbulence-enhanced transitional flow,
lower and upper plug flow, and quasi-laminar plug flow. These were based of
the balance between turbulent and cohesive forces. The study was a major eye-
opener, as the turbulent properties of transitional flows were shown to be more
complex than the common notion of gradual turbulence damping. The inherent
complexity of different mechanisms in the flow was one of the major motivations
for the present high-resolution numerical study.
Laboratory observations form the backbone of our knowledge of fluid-particle
interactions but are limited by the problems of, data acquisition and limitations
of the available measuring devices. These issues become more prominent when
the scales involved have a wide range, and the governing parameters have wide
range of possibilities. For example, in the study by Baas et al. [7], despite
the work being seminal there is a limitation to the amount of information we
can derive. From the study we get a broad idea of the underlying mechanisms
and their behavior due to change in different parameters (like Reynolds number
of the flow, Concentration of sediment etc.); but it cannot provide us a more
detailed description of the coherent structures involved, which would give us a
more wholesome idea of the mechanisms in play. This quest for the knowledge of
the scales, which are beyond current instrumentation capabilities, is the reason
we chose to explore the problem using Direct Numerical Simulation (DNS).
In the present study we will only look at the effect of concentration of sedi-
ment for sediments of different sizes. The size of sediment has been incorporated
through settling velocity of sediment, but as such the sediment in suspension is
assumed to have no inertia. For the present study we will restrict ourselves to
particles in the size range of sand to silt; thus only considering the Newtonian
behavior of the liquid phase. If particles present in suspension are in the range of
clay (d < 62.5µm), at high concentration the rheology becomes non-Newtonian.
In nature the sediment in suspension is usually in range that covers the spec-
trum from sand to clay, thus making the behavior of the multiphase flow even
more complex. Through this study we would like to ascertain the contribution
of stratification to turbulence dissipation, this will eventually help us to com-
partmentalize the turbulence modulation from each mechanism (stratification
and cohesive forces). One important point is the concentration of sediment in
the flow is assumed to be low enough to satisfy Boussinesq approximation.
The interaction between phases in a dilute two-phase flow grants two dif-
ferent levels of coupling, one-way and two-way coupling [12]. One-way cou-
pling refers to the effect of the continuous phase on the disperse phase, and
two-way coupling refers to the added effect of the disperse phase on the con-
tinuous phase. Additionally the interaction between phases occurs at different
scales, which affects the flows micro- and macro-structures differently. At small
scales, one-way coupling demonstrates itself as eddy-particle interaction lead-
ing to preferential concentration of particles, enhanced or reduced settling and
turbophoretic migration [13]; whereas two-way coupling additionally displays
3
turbulence modulation [14]. At large scales, one-way coupling results in tur-
bulent dispersion of sediment particles; whereas two-way coupling manifests
through buoyancy and stratification effects. Turbulence dissipation in channel
flows due to self-stratification (caused by suspended sediments) has received rel-
atively less attention, compared to stratification due to variation in temperature
or dissolved contaminants. Few of the first studies of effects of stratification on
sediment-laden flows were by Vanoni [15], and Einstein and Chien [16]. Based
on experimental results, they proposed the decline of the von Karman constant
with increasing suspended sediment. Relevant numerical modeling of stratifi-
cation effects in an open channel flow has been done using various turbulence
closures like; eddy viscosity closure [17], one-dimensional k −  model [18], and
one-dimensional version of the level 2 scheme of Mellor and Yamada [19],[20].
There are essentially two methods to model the transport of suspended par-
ticles, Lagrangian and the Eulerian. In the Lagrangian approach each particle
is tracked separately; while in the Eulerian, the disperse phase is treated as a
continuum. The Lagrangian approach has been employed successfully in the
past to study turbulence modulation in isotropic turbulence [21] and in shear
and wall-bounded flows [22]. When particles are sufficiently small, the particle
velocity field reaches an equilibrium state, which is completely dictated by the
local properties of the fluid flow field [23]. Under these circumstances a Eulerian
approach can be used for the disperse phase. This approach greatly simplifies
the implementation of two-way coupling and allows for the modeling of flows
with large sediment loads.
As mentioned earlier, this study presents direct numerical simulations (DNS)
of sediment-laden flows employing a Eulerian-Eulerian approach, and concen-
trates on the self-stratification effect due to the suspended sediment. The idea
behind DNS is to resolve and compute all relevant time and length scales present
in the flow. Thus it minimizes the level of empiricism in the study of turbulent
flows. DNS has a handicap of limiting the analysis to moderate Reynolds num-
bers, thus this study has been performed for a constant shear Reynolds number
(Reτ ) of 180. As, DNS has not been fully utilized in the context of sediment-
laden flows; useful information still remains to be obtained, even at moderate
Reynolds numbers. Apart from the Reynolds number, sediment-laden turbulent
flows are governed by two parameters; concentration of the flow (Shear Richard-
son number Riτ ) and sediment fall velocity (V˜ ). In this study we will explore
different combinations of Riτ and V˜ . Aim is to find out the combination for
which turbulent channel flow at Reτ of 180 locally laminarizes due to complete
dissipation of turbulence. The present study is complimentary to and along
similar lines with a recent study done by Cantero et al. [8].
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Mathematical Formulation
Numerical Model
The domain under consideration is a horizontal channel in which the flow is
forced by a uniform pressure gradient in the longitudinal direction. Though the
flow is not a open-channel flow but it is analogous to flows driven by gravity (here
a constant pressure gradient) acting on the fluid phase only; which is usually
the case in river flows with relatively dilute suspended sediment concentration.
The case contrary to this is when the sediment concentration becomes too high
to ignore its contribution to the acceleration of the flow or when the flow is tur-
bidity current (also debris flow). In case of the turbidity currents the effect of
stratification on the flow is much more stringent because the phase which is re-
sponsible for acceleration of the current is suspended solid, thus making it more
susceptible to dissipation of turbulent energy fluxes. Effect of self-stratification
on turbidity currents has been studied in the past using DNS [14] with a formu-
lation similar to the one used in the present study. The sediment particles in
suspension are assumed to be of constant size and negligible inertia, but with
a settling velocity of magnitude V˜ along the direction of gravity. The sediment
particles are assumed to be small enough for a Eulerian way of representation
to be valid [23]. Also, the flow is assumed to be dilute enough that Boussinesq
approximation holds. The dimensionless set of equations that model the flow is
∂u˜
∂t˜
+ u˜ · ∇u˜ = G˜−∇pˆ+ 1
Reτ
∇2u˜+Riτ
(
c˜− c˜(h)
)
eg (2.1)
∇ · u˜ = 0 (2.2)
∂c˜
∂t˜
+
(
u˜+ V˜
)
· ∇c˜ = 1
ReτSc
∇2c˜ (2.3)
where u = (u˜, v˜, w˜) is the velocity of the fluid phase, c˜ is the volumetric
concentration of the sediment particles, c˜(h) is the horizontally-averaged con-
centration, eg = (0, 0,−1) is a unit vector along gravity, and V˜ =
(
0, 0,−V˜
)
is
the settling velocity of the particles. The flow is driven by a stream-wise con-
stant pressure gradient G˜ = (1, 0, 0). And pˆ is the pressure field after removing
the hydrostatic component. Thus the pressure has been redefined as
pˆ = p˜+Riτ
∫ z˜
0
c˜(h) (η) dη (2.4)
where p˜ is the dynamic pressure. All the variables are dimensionless. The
velocity scale is average shear velocity u∗,avg defined by
u∗,avg =
√
τt + τb
2ρf
(2.5)
where τt and τb are the mean wall shear stresses at the top and bottom of
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the channel, and ρf is the fluid density. The length scale is the channel half
height h and h/u∗,avg is used as the time scale. The pressure scale is defined as
ρu2∗,avg. The dimensionless numbers used in 2.1-2.3 are shear Reynolds number
(Reτ ), shear Richardson number (Riτ ) and the Schmidt number (Sc), which
are defined as
Reτ =
u∗,avgh
ν
Riτ =
gRc(υ)h
u2∗,avg
Sc = νκ
(2.6)
Where ν is the kinematic viscosity of the fluid, g is acceleration due to gravity,
R = ρs/ρf − 1 where ρs is the sediment density, c(υ) the volume-averaged
concentration, and κ is the diffusivity of the sediment particles.
The framework adopted for this study assumes smooth walls and does not
provide a direct mechanism for particle resuspension from the walls. Instead,
the diffusion term in 2.3 acts as a surrogate for processes near a rough wall that
facilitates the resuspension of particles. Though the assumption is not com-
pletely physically valid as one may wrongly conclude that sediments coarser
than colloids undergo significant molecular diffusion; it can be correctly con-
ceptualized in the limit of very small particles that posses finite fall velocity
(particles in the range of fine sand and silt). For a statistically stationary state
to prevail in the formulation, the diffusive flux is set exactly equal to the sedi-
mentation flux at the walls. In the limiting case of V˜ = 0, equation 2.3 reduces
to the equation for transportation of a scalar; and the diffusion term accounts
for the molecular diffusion of the scalar field. From a numerical point of view
the diffusion term 2.3 ensures stability of the simulation.
The dimensionless governing equations are solved using a dealiased psue-
dospectral code [24]. Flow variables in the horizontal directions (x-y) are solved
in the Fourier space; where as for the inhomogeneous vertical direction a Cheby-
shev expansion is used with Gauss-Lobatto quadrature points. An operator
splitting method is used to solve the momentum equation along with the in-
compressibility condition. A low-storage mixed third order Runge-Kutta and
Crank-Nicolson scheme is used for temporal discretization of the advection-
diffusion terms. Pressure correction is applied at the end of each stage. Further
details on the implementation of this numerical scheme can be found in [25].
Dimensions of the channel and resolution for DNS have been selected based on
[8]. The length of the channel is L˜x = 4pi, width is L˜y = 4pi/3 and height is
L˜z = 2. The grid resolution used is Nx = 96, Ny = 96 and Nz = 97; but the
non-linear terms are computed in a grid of resolution 3Nx/2 × 3Ny/2 × Nz in
order to prevent aliasing errors. The top and the bottom walls of the channel
present smooth boundaries to the flow and a no-slip condition is applied for the
velocity at the boundary. The sediment is assumed to be sufficiently fine so that
the flow does not allow net deposition; thus any particle that settles is instantly
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re-entrained. So, the boundary conditions can be mathematically represented
as
u˜ = 0
z˜ = −1 and z˜ = 1
c˜V˜ + 1ReτSc
∂c˜
∂z˜ = 0
tildez = −1 and z˜ = 1
(2.7)
Periodic boundary conditions are used along the horizontal directions. Due to
the above stated boundary conditions; though the flow evolves from the initial
condition, the sediment particles are only redistributed within the channel. So,
the total particle load of the flow is maintained constant and equal to the initial
value, that is c˜(υ) = 1 for all times. For all the cases considered the time
integration is over a dimensionless time interval long enough for the flow to
achieve a statistically stationary state. It has been found that the time is long
enough for the accurate computation of first and second order statistics [8].
This work tries to address the effect of shear Richardson number (Riτ a di-
mensionless number to parameterize initial suspended sediment concentration)
and sediment fall velocity (V˜ ) on the flow. Apart from initial sediment concen-
tration, Riτ can also be used to parameterize the potential stratifying capacity
of the suspended sediment (along with V˜ ). In this study, the shear Richardson
number of the flow is varied systematically for different sediment fall velocity,
while keeping the shear Reynolds number (Reτ = 180) and Schmidt number
(Sc = 1) constant. The Schmidt number was kept constant on the based on
previous of studies [8], where they found the influence of Sc to be negligible for
flows in the turbulent regime.
Among the parameters which are varied, shear Richardson (Riτ ) number in
the range of 1 ∼ 30 has been used in the study. This range has been found out
to be well within the Boussinesq limit. The range of dimensionless fall velocity
used in the study is V˜ = 0.005 ∼ 0.05. The range of values of V˜ used satisfies
the condition which allows us to treat water and sediment as a single phase [18].
Putting the numbers in context; consider a pipe of diameter 0.5 m with flow rate
that produces ub ≈ 3 m/s. The Darcy friction factor f = 8 (u∗,avg/ub)2 can be
assumed to be f ≈ 0.02, that implies u∗,avg ≈ 0.15 m/s. Using the assumptions,
the used range of dimensionless particle fall velocity corresponds to particle
settling velocity of the range V = 7.5×10−4 to 7.5×10−3 m/s; which corresponds
to particle settling velocities of silica particles in the range of d = 30µm to
120µm. The types of sediment that falls in this range are fine sand and silt, this
further cements the idea that the study is for sediments that are fine enough to
remain in suspension.
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Analysis of the mean flow equations
The problem being studied has a laminar steady state solution, that can be
achieved for different sets of governing parameters (Reτ , Riτ , V˜ ). For this case
the flow is assumed to be homogeneous in the x and y directions and one-
dimensional. As the flow is homogeneous we have ∂/∂x˜ = 0 and ∂/∂y˜ = 0.
Reducing equations 2.1 to 2.3 we get.
d2u˜
dz˜2
= −Re (2.8)
dpˆ
dz˜
= 0 (2.9)
V˜
dc˜
dz˜
+
1
ReτSc
d2c˜
dz˜2
= 0 (2.10)
The incompressibility condition and the boundary conditions for velocity have
been used together to show zero magnitude of the vertical component of velocity.
The solution to the system 2.8 - 2.10 is found with the help of the boundary
conditions 2.7 [8] and the normalization condition
∫ 1
−1 c˜ (z˜) dz˜ = 2.
u˜ =
−Reτ
2
(
z˜2 − 1) (2.11)
c˜ =
2V˜ ScReτ
sinh
(
V˜ ScReτ
) exp(−V˜ ScReτ z˜) (2.12)
2.11 - 2.12 gives us an idea about the shape of the mean velocity and con-
centration profiles, in case the flow in the channel completely laminarizes. For
a turbulent flow, this can only happen if turbulence generated at the top and
bottom boundary is completely dissipated due to the stratification caused by
the settling sediment particles. But this kind of effect will be temporary because
eventually the sediment will further settle down (due to gravity), reducing the
stratification at the top wall of the channel. This will reduce dissipation of tur-
bulence at the top wall, which will again make the flow turbulent, at least at the
top part of the domain. For fully laminar flow at steady state, velocity profile
will be parabolic (2.11) and the concentration profile will be exponential (2.12),
with very small concentration of sediment through out the channel, which in-
creases with a very-very high gradient (almost like a δ function) near the bed.
This behavior of the sediment concentration is not a surprise because once the
flow becomes laminar, all the turbulent fluxes which kept the sediment in sus-
pension are absent. This leads to an unabated settling of the all the sediment
particles in suspension which, eventually forms a thin but highly concentrated
layer near the bottom of the channel (due to the boundary condition imposed
on the particles 2.7).
The velocity profile of the fully laminar flow, depends only on the the Reynolds
number of the flow (Reτ ) and, the concentration profile on particle settling ve-
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locity (V˜ ) and Reτ of the flow (also Sc but for the present study it is kept
constant). In none of the equations describing the laminar profiles, do we find
shear Richardson number (Riτ ). This goes to show that the final steady state
laminar profile is not influenced by Riτ , but for sure Riτ influences the evolution
of the flow in the channel. So, Riτ has to feature in the steady mean flow equa-
tions describing turbulent (but statistically stationary) flow in the channel. If
we consider the case in which the flow is homogeneous in x˜ and y˜ direction, then
the governing equation (derived from 2.1 - 2.3 using the boundary conditions)
is
1
Reτ
∂2 ¯˜u
∂z˜2
− ∂
∂z˜
(
u˜′w˜′
)
+ 1 = 0 (2.13)
1
ReτSc
∂2¯˜c
∂z˜2
+ V˜
∂ ¯˜c
∂z˜
− ∂
∂z˜
(
c˜′w˜′
)
= 0 (2.14)
Again in the above equations the two explicit parameters are Riτ and V˜ ,
but Riτ comes into play through the Reynolds (u˜′w˜′) and concentration (c˜′w˜′)
fluxes, which has to be specified in order to solve the above set of equations. If
the flow is laminar, in equations 2.13 and 2.14 the Reynolds and concentration
flux terms drop out; thus the mathematical expressions representing laminar
flow profiles (2.11 and 2.12) do not have shear Richardson number (Riτ ) in
them. The present section has been used to discuss theoretical constructs that
will be helpful in interpreting the results in the following sections.
Results
In the presence of suspended sediment the flow in the channel self-stratifies.
Self-stratification is caused due to the inherent property of the particles to settle
down. This causes stably stratified concentration profile, which at equilibrium
increases monotonically towards the bottom wall. Because these profiles are in
equilibrium, the settling flux of the particles (moving down) equals the Reynolds
concentration flux (moving upwards). The present analysis is a part of a larger
study which consists of 35 completed (reached a statistically steady state) DNS
simulations at Reτ = 180. In the present study we will analyze 15 different cases
(out of 35 simulated) to gain insights into the factors (V˜ and Riτ ) which govern
the degree of stratification a flow can achieve and the effect it has on the flow.
All the analyzed cases have been listed in (Table 2.1). Apart from containing
information about the governing parameters of different simulations (Reτ , V˜
and Riτ ), Table 2.1 also contains few global parameters that provide additional
insights into the state of the simulations. The parameters are the bulk Reynolds
number (Reb =
Ubulkh
ν ) and the bulk Richardson number (Rib =
gR(c¯b−c¯t)h
U2bulk
) of
the flow. In the above equations, Ubulk is the bulk streamwise velocity of the
flow and is calculated using, Ubulk =
1
2h
∫ h
−h u¯(z)dz; also c¯b and c¯t are mean
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concentration at the bottom and top of the channel. The table also lists the
computational grid used for each simulation, u˜∗,b and u˜∗,t that are the non-
dimensionalized shear velocity at the bottom and top wall of the channel, and
non-dimensionalized particle concentration at the top (¯˜ct) and the bottom (¯˜cb)
of the channel.
Effect of particle fall velocity (V˜ ) and shear Richardson number
(Riτ ) on the flow
Presence of suspended sediment that settles slowly creates a phenomena called
self stratification. The basic mechanism through which it happen is; the settling
sediment particles break the homogeneity of the concentration profile, which re-
sults in the development of a vertical concentration gradient. In the due course
of time this mechanism leads to a stable stratification and this stable strati-
fication suppresses vertical momentum and mass transport due to turbulence
fluctuation. The two properties of the suspended sediment which determines the
level of stratification for a flow of specific strength (Reτ ) are, settling velocity
(V˜ ) and shear Richardson number (Riτ , a non-dimensional measure for initial
sediment concentration). In previous studies ([14],[8]) the focus has been on the
effect of varying V˜ on the level of self-stratification and the flow. In the current
study we have juxtaposed the effect of V˜ and Riτ on the flow. In order to do
that we have analyzed two sets of cases; in the first we have kept V˜ constant at
0.025 and varied Riτ from 1 to 22 and, in the second we have kept Riτ constant
at 18 and varied V˜ .
Figure 2.1, shows the variation of the non-dimensional mean streamwise ve-
locity (Umean/u
∗) due to increasing Riτ . Increasing Riτ increases the skewness
of the maximum velocity towards the bottom of the channel. Increasing Riτ
is also increases the velocity maxima, thus increasing the bulk velocity and the
bulk Reynolds number (Reb) of the flow (Table2.1). Increase in skewness and
maxima of the velocity profile is more prominent, when Riτ increases from 10
to 15 than 0 to 10. Further increase in Riτ doesn’t change the mean velocity
profile appreciably. Similarly, for the non-dimensionalized mean concentration
(made non-dimensional using c(υ)) we can clearly see two regimes of the flow,
one when Riτ < 15 and the other when Riτ ≥ 15 (Figure 2.2). In the first
regime (Riτ < 15) the suspended sediment concentration gradient is relatively
lower than when Riτ ≥ 15. So, we can clearly see that the initial concentration
(Riτ ) of sediment has an effect on the flow, which becomes drastic with the
increase in sediment concentration. All this time we had kept V˜ = 0.025; now
if we keep Riτ = 18 and vary V˜ , mean flow velocity and concentration have
profiles similar to the ones observed earlier. Mean velocity profile (Figure 2.3)
again suggests two different regimes (one for V˜ ≤ 0.015 and V˜ > 0.02) but un-
like Figure 2.1 there are intermediate profiles which make the transition between
the two regimes more gradual. Unlike the mean velocity profiles, the mean con-
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centration profiles (Figure 2.4) does suggest two clear regimes, for V˜ < 0.025
and V˜ ≥ 0.025. The results also match with existing studies [8]. A commonality
between the two sets of cases is; if either Riτ or V˜ is small the net effect on the
flow is minuscule even if, the other parameter is sufficiently large. This goes to
show that Riτ and V˜ go hand in hand in defining the degree of stratification a
flow will have.
Most of the flows in nature are in the turbulent regime, thus turbulence is the
property of the flow we are most interested in. It is the turbulent fluxes which
help the suspended sediment remain in suspension and also helps in transporta-
tion of other solutes like contaminants, nutrients etc. So, understanding the
effect of self-stratification on it is of utmost importance. A parameter which
reflects the turbulence intensity of a flow is root mean square (rms) velocity.
Root mean square velocity for the three components of velocity are defined as,
urms =
√
u′2, vrms =
√
v′2 and wrms =
√
w′2; where u′, v′ and w′ are the tur-
bulent fluctuations of the velocity field. Normalized rms velocities (urms/Ubulk)
have been plotted for varying Riτ (V˜ = 0.025) in Figures 2.5, 2.6 and 2.7. Along
the lines to the mean streamwise velocity profiles, rms velocity profiles can be
divided into two regimes. First in which the turbulence is relatively suppressed
in the lower half of the channel and is almost the same as the case with no
sediment in the upper half of the channel. This characteristic is seen for cases
Riτ < 15. In the second regime (Riτ ≥ 15) turbulence in the lower half of
the channel (especially near the bed) is almost completely suppressed, where
as turbulence intensity in the upper half is relatively higher than for the base
case channel flow case with no sediment in suspension. For the cases in which
turbulence intensity near the bottom of the channel is almost zero, chances are
the flow has relamernarized locally. In order to check our hypothesis we have
plotted the shear stress profiles (Figures 2.8, 2.9 and 2.8) for different cases.
Figure 2.8 shows the variation of the the mean Reynolds stress (averaged over
the horizontal plane) in the domain due in increasing Riτ . Agreeing with our
hypothesis of local relaminarization, the Reynolds stresses (u′w′/u2∗,avg) near
the channel bottom are almost zero for Riτ ≥ 15. Further, the viscous shear
stress ( 1Reτ
∂ ¯˜u
∂z˜ ) in the same position of the domain is linear, which solidifies the
hypothesis (Figure 2.9). In order to obtain the exact location where the zone of
local relaminarization starts, we need to calculate the mean total shear stress
(τ˜tot) in the domain, which is obtained using the relationship
τ˜tot =
1
Reτ
∂ ¯˜u
∂z˜
− u˜′w˜′ = −z˜ +
(
u2∗,b
u2∗,avg
− 1
)
(2.15)
As obvious from equation 2.15, the τ˜tot profiles are linear. Figure 2.10 shows
the profiles of τ˜tot for increasing Riτ . The position at which τ˜tot is equal to zero
is the location of the streamwise mean velocity maximum (z˜u,max). For the cases
in which u′w′/u2∗,avg is equal to zero, z˜u,max is the distance from the channel
bottom till which the local laminarization zone extends. It can further observed
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from Table 2.1 that increase in Riτ decreases u
2
∗,b/u
2
∗,avg. And this gives us the
reason behind (using right hand side of equation 2.15) gradual movement of τ˜tot
profiles towards the channel bottom with increase in Riτ . The cases analyzed
shows a clear demarcation between two regimes; one in which turbulence is
slightly suppressed, and the second in which turbulence near the bottom of the
channel almost completely dissipated leading to local relaminarization of the
flow.
Based on previous studies [8], similar kind of behavior is expected if the
increase in self-stratification in the flow is caused by increasing V˜ rather than
Riτ . So, a set of cases withRiτ = 18 and increasing V˜ has been analyzed. Figure
2.11, 2.12 and 2.13 show variation of normalized rms velocity with increase in
V˜ . Similar to the previous set of evaluated cases, here again we find two distinct
regimes for V˜ < 0.02 and V˜ > 0.02 but additionally we also find a transition
case at V˜ = 0.02. This characteristic is most obvious in Figure 2.12 where the
shape of the urms/ubulk profile near the bottom wall, is distinctly different from
the other cases. Figure 2.14, 2.15 and 2.16 show the Reynolds stress, viscous
stress and total stress profiles respectively for increasing V˜ . The results are
along the expected line and similar to previous set of analyzed cases. Similar
to the observation in Figure 2.12, the case V˜ = 0.02 stands out in Figure 2.15
and suggests towards a transitional regime between the turbulent and locally
laminar. The results for the present set of cases agree with the previous study
of Cantero et al.[8].
Another parameter which reflects the intensity of turbulence in a flow is turbu-
lent kinetic energy (TKE). For a statistically stable and stably stratified channel
flow, mean TKE can be defined using the equation
P˜ − ˜+ d
dz˜
(
1
Reτ
dk˜
dz˜
− w˜′
(
p˜+
1
2
u˜′iu˜
′
i
))
− c˜′w˜′Riτ = 0 (2.16)
where mean variables have bar on top and perturbations from the mean has
prime. Also, k˜ = 12 u˜
′
iu˜
′
i is the TKE, P˜ = −u˜′w˜′ d¯˜udz˜ is TKE production and
˜ = 1Reτ
∂u˜′i
∂x˜i
∂u˜′i
∂x˜i
is TKE dissipation. All the other variables are same as defined
in previous sections. In the context of sediment laden flow the term c˜′w˜′Riτ
represents the TKE damped (or enhanced for the case of unstable stratification)
due to presence of suspended sediment. Analyzing the variation of P˜, ˜ and
c˜′w˜′Riτ , gives us a better idea about the state of the flow and amount of energy
being dissipated due to self-stratification.
Figure 2.17 shows the variation of normalized P˜ (normalized using u˜2bulk) with
increase in Riτ when V˜ is kept constant at 0.025. We find that P˜ varies the
same way as turbulence intensity. P˜ in the lower half of the channel decreases
with increase in Riτ , whereas in the upper half of the channel it increases. At
Riτ ≥ 15, near the bottom boundary P˜ becomes negligible due to dissipation of
turbulence by stable stratification. Similarly, magnitude of ˜ (again normalized
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using u˜2bulk) follows the same trend as P˜ (Figure 2.18). Figure 2.19 shows the
variation of c˜′w˜′Riτ with increase in Riτ . With the increase in Riτ , first c˜′w˜′Riτ
increases till Riτ 10, then it decreases throughout the domain particularly near
the bottom boundary. But again at Riτ > 18, c˜′w˜′Riτ increases appreciably.
The initial increase in energy dissipated due to buoyancy can be attributed to
increase in level of stratification, but then the energy dissipated by buoyancy
shows a sharp fall, especially near the bottom wall. This is in contrary to our
intuitive expectation of increase in energy dissipated by buoyancy with increase
in degree of stratification. This behavior can be attributed to the regime change
which takes place at around Riτ = 15; in the new regime the energy produced
(P˜) decreases sharply, so energy available to dissipate through buoyancy is also
relatively lesser. But we eventually find that the energy dissipated due to buoy-
ancy bucks the trend and increase when Riτ > 18 (Figure 2.19). Figure 2.20
and 2.21 show P˜ and c˜′w˜′Riτ (energy dissipated due to buoyancy) in the lower
region of the domain. We see (in Figure 2.20) that close to the bottom wall P˜
keeps on decreasing, whereas in the upper part it increases slightly with increase
in Riτ . An important point to note is decrease/increase in P˜ for cases Riτ > 18
is relatively much smaller than that for cases where Riτ < 18. So it means
the total amount of turbulence energy produced for all the flows at Riτ ≥ 18
is almost the same. Similar to the trend seen throughout the domain, close to
the bottom wall the turbulence energy dissipated due to buoyancy (see Figure
2.21); first decreases (for Riτ > 10) and then increases (for Riτ > 18). Thus
the basic mechanism which governs the amount of turbulence energy dissipated
by buoyancy (c˜′w˜′Riτ ) is; c˜′w˜′Riτ always increases with the increase in Riτ but
as the amount of P˜ drastically decreases with increase of Riτ (for Riτ > 10) it
has a domino effect on the magnitude of c˜′w˜′Riτ , which also decreases dramat-
ically. But when the magnitude of decrease of P˜ with respect to the previous
value of Riτ becomes negligible (for Riτ > 18), the general property of the
flow dominates thus increasing the amount of energy being dissipated due to
buoyancy.
The trends in variation of P˜, ˜ and c˜′w˜′Riτ with respect to increase in Riτ
are also reflected in cases (Figure 2.22, 2.23 and 2.24) in which, V˜ is varied
and Riτ is kept constant at 18. Figure 2.22 shows the variation of P˜, which
along the lines of rms velocities, fall in two separate regimes with a transition
case (V˜ = 0.02) in between. A similar trend was observed for ˜ (Figure 2.23).
Figure 2.24 shows that c˜′w˜′Riτ increases till V˜ 0.02, it then suddenly decreases
but then increases when V˜ is increased from 0.025 to 0.03. From the two sets
of cases analyzed it is clear that amount of turbulence energy dissipated due to
stratification doesn’t just depend on the degree of stratification but also on the
amount of P˜.
We have been studying the effect of stratification on different parameters, but
degree of stratification itself can be measured in terms of gradient Richardson
number (Rig) and flux Richardson number (Rif ). In the context of self stratified
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flows, flux Richardson number is defined as the ratio of the rate of expenditure
of TKE in holding the sediment in suspension to the rate of generation of TKE
by the flow (P˜).
Rif =
c˜′w˜′Riτ
P˜ =
c˜′w˜′Riτ
−u˜′w˜′ d¯˜udz˜
(2.17)
If Rif = 0, no turbulence is dissipated by stratification; whereas if Rif 0.2,
almost all the turbulence is completely suppressed. So, in a region where tur-
bulence is almost completely damped, Rif will be greater than or equal to 0.2.
There are cases in which the Reynolds fluxes cannot be calculated easily, for
those cases gradient Richardson number (Rig) is defined as
Rig =
−Riτ d¯˜cdz˜(
d¯˜u
dz˜
)2 (2.18)
Rig = 0.25 is said to be the critical value of linear stability. It may be noted
that, due to presence of d
¯˜u
dz˜ in the denominator of the formulas to calculate Rif
and Rig, the parameters diverge as we reach the region of velocity maximum.
So, while plotting Rif and Rig, we have not plotted the points in the domain
which have high divergent values. Figure 2.25 shows the variation of Rif with
increase of Riτ while V˜ is kept constant at 0.025. As expected Rif is found
to be divergent near the velocity maximum. This zone of divergent Rif was
found to widen with increase in Riτ . For Riτ ≥ 15, the area below the velocity
maximum has Rif ≥ 0.2, which further cements the idea of complete turbulence
dissipation and local relaminarization of the flow. Similar to observations made
for other parameters (like urms,P˜ etc.), Rif also shows the presence of two
distinct regimes with transition happening between Riτ 10 and 15. Similar
variation with respect to Riτ is also seen for Rig (Figure 2.26). For lower values
of Riτ (Riτ ≤ 10), Rig almost never attains the critical value of 0.25 (apart
from very near the velocity maximum) but for Riτ ≥ 15, Rig near the bottom
wall rapidly approaches the critical value of 0.25. Variation of Rif and Rig with
respect to Riτ shows that the initial sediment concentration has a significant
effect on the level of self-stratification attained by a flow. Similarly, to analyze
the effect of sediment size (V˜ ) on the level of stratification; variation of Rif and
Rig with respect to increasing V˜ for Riτ = 18 were plotted in Figure 2.27 and
2.28 respectively. Increase in the level of stratification (through increasing V˜ )
gradually increases Rif near the bottom wall. Eventually for V˜ ≥ 0.025, Rif
near the bottom wall becomes bigger than 0.2 thus confirming the occurrence
of local relaminarization. Along the same lines, Rig also varies with increase
in V˜ (Figure 2.28). Similar to observations made fore other parameters (like
urms, P˜ etc.), the set of cases can be divided into two distinct flow regimes,
fully turbulent (though turbulence is somewhat dissipated) and locally laminar,
with a transition regime in between (at V˜ = 0.02). Interestingly the Rif and
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Rig curves for the transition case has more resemblance to the fully turbulent
regime. Through analysis of all the different cases, it is clear that increase
in stratification can be achieved by increasing V˜ as well as increasing initial
sediment concentration (Riτ ); and it’s effect on the flow are similar. Also, the
two sets of cases within themselves, can be divided in two distinct regimes of
flow. This goes to show that there must be an universal criterion which governs
the regime to which the flow belongs. In the following section we will explore
the existence of an universal criterion.
Criterion for Local Relaminarization
In the previous section we saw that V˜ and Riτ , both play a role in deciding the
degree of stratification a flow attains. In order to understand the phenomena
better, it would be helpful if we can come up with a parameter which contains
both V˜ and Riτ . Integrating equations 2.14 we get
c˜′w˜′ = ¯˜cV˜ +
1
ReτSc
d¯˜c
dz˜
(2.19)
Integrating equation 2.16 throughout the domain (this basically gives us a
global energy balance equation) and using the result obtained in equation 2.19,
we get
P˜ − ε˜+ 1
Reτ
 dk˜
dz˜
∣∣∣∣∣
1
−1
+
Riτ
Sc
(¯˜cb − ¯˜ct)
 = Riτ V˜ (2.20)
where P˜ =
∫ 1
−1 P˜dz˜ and ε˜ =
∫ 1
−1 ˜dz˜ and ¯˜cb and ¯˜ct are the non-dimensionalized
(using c(υ)) sediment concentration at the bottom and top of the domain. Riτ V˜ .
Equation 2.20 governs the global TKE balance in the domain, where P˜ is the
total turbulence kinetic energy produced in the domain, ε˜ is the total TKE
dissipation due to viscosity and Riτ V˜ is the TKE consumption to maintain
sediment in suspension. If the availability of TKE is not enough to maintain
sediment in suspension, part of the flow might relaminerize. Amount of TKE
dissipated due to stratification can be defined by Riτ V˜ and it also contains
bothRiτ and V˜ , so it is an apt non-dimensional parameter which can be used to
characterize the level of stratification in the flow for a fixed Reτ . So, in order to
analyze the interplay of Riτ and V˜ , and to ascertain their relative importance
in deciding the level of self-stratification; we plotted the variation of different
flow parameters for flows with same (almost) Riτ V˜ but different Riτ and V˜ .
From cases listed in Table 2.1 we used three pairs of cases, each pair has the
same Riτ V˜ but different Riτ and V˜ . First pair has Riτ V˜ ' 0.25, second pair
has Riτ V˜ = 0.50 and the third pair has Riτ V˜ ' 0.55. In the present analysis,
all the cases analyzed will be referred as V˜ −Riτ . For example, if an analyzed
case has ˜V = 0.015 and Riτ = 18, it will be referred to as 0.015−18. Figure 2.29
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shows the variation of the non-dimensionalized mean streamwise velocity for all
the pairs. Intuitively, flows with same Riτ V˜ should behave exactly the same way
and those with higher Riτ V˜ should be more asymmetric (mean velocity profile
skewed towards the bottom wall). The pair 0.015 − 18 and 0.025 − 10 have
Riτ V˜ equal to 0.27 and 0.25 respectively. As expected the mean streamwise
velocity profiles for both the cases are almost similar (Figure 2.29), but we also
expect the velocity profile of 0.015− 18 to be slightly more skewed (as Riτ V˜ is
slightly higher) but on the contrary the case 0.025− 10 is slightly more skewed.
This is also reflected in the normalized concentration profile plot (Figure 2.30),
where the case 0.025 − 10 has a relatively higher normalized concentration at
the bottom than 0.015 − 18. Interestingly this trend is not followed for the
pair of cases with Riτ V˜ = 0.5. With the same value of Riτ V˜ , we expect the
velocity profiles to be exactly the same but in Figure 2.29 we see that it is not
the case. The case 0.05− 10 has an appreciably different mean velocity profile
from 0.025 − 20. The velocity maximum for 0.05 − 10 is relatively nearer to
the bottom wall than the case 0.025− 20 but the magnitude of the maximum is
higher for 0.025−20. This disparity is not so prominent for the pair of cases with
Riτ V˜ ' 0.55, where the cases 0.03−18 and 0.025−22 have almost similar mean
velocity profiles. The disparity between the cases 0.05− 10 and 0.025− 20 can
be attributed to the difference in the normalized sediment concentration profiles
for the two cases (Figure 2.30), where the normalized sediment concentration
at the bottom wall for the case 0.05 − 10 is significantly higher than that of
0.025 − 20. This difference in concentration profile is due to higher V˜ . It is
important to note that the two cases for which the velocity profiles are very
similar (0.03− 18 and 0.025− 22) the concentration profiles are also similar to
each other. At this point there is no definitive trend we can observe, hence we
analyzed few more parameters.
Figure 2.31, 2.32 and 2.33 shows vrms, urms and wrms respectively. In general
all the cases having similar Riτ V˜ show the same properties but have slight
differences within the pairs, which depend ont the values of Riτ and V˜ . Like,
the case of Riτ V˜ ' 0.25; despite the case 0.015 − 18 having a slightly higher
Riτ V˜ value than 0.025−10, turbulence intensities (vrms and wrms) in the lower
half of the channel were found to be slightly less. On the contrary, for the pair
with Riτ V˜ = 0.5, the case with higher value of V˜ (0.05−10) has slightly higher
turbulence intensity in the bottom half of the channel. But for the pair with
Riτ V˜ ' 0.55, the turbulence intensity profiles are exactly similar for both he
cases. These differences between the set of cases analyzed are further evident in
the flux Richardson number (Rif ) and gradient Richardson (Rig) plots of the
cases (Figure 2.34 and 2.35). From the Rif plot (Figure 2.34), we can see that
the profile for 0.05 − 10 is significantly different from 0.025 − 20 and the same
trend is also reflected in the Rig profiles (Figure 2.35). It can be concluded that
Rif and Rig profiles of flows with similar Riτ V˜ are similar, but disparity arises
if V˜ of one case is drastically different from the other. This conclusion is also
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valid for other properties analyzed, like mean velocity and turbulent intensities.
The conclusion is further strengthened by the Rif and Rig plots (Figure 2.36
and 2.37) for cases with Riτ V˜ ≥ 0.5 and V˜ = 0.025, 0.03 and 0.05. The root
of differences between cases with similar Riτ V˜ but different V˜ lie with their
normalized concentration profiles (Figure 2.30), which significantly vary with
V˜ .
Through our analysis we found that Riτ V˜ is a suitable parameter, which
can be used to set a criterion for local laminarization. The parameter Riτ V˜
is ideal because it contains V˜ as well as Riτ , thus helping us account both set
of cases (constant V˜ and varying Riτ , constant Riτ and varying V˜ ) analyzed
in the previous section. Analyzing various cases with different values of Riτ V˜
(Figure 2.29 to 2.37), we see that different cases with similar values Riτ V˜ have
similar profiles (may not be exactly same as it will depend on V˜ of the case). In
the previous section we saw that all the cases can be broadly divided into two
regimes, one in which turbulence is dissipated but not completely suppressed
and second in which turbulence near the bottom wall is completely dissipated
leading to local laminarization of the flow. We can see the same division in
the cases analyzed in the present section. For example, in Figure 2.33 (wrms
profiles) we see that cases with Riτ V˜ ' 0.25 belongs to the first regime and the
cases with Riτ V˜ ≥ 0.5 belong to the second regime. Studying all the cases listed
in Table 2.1, we find that all the flows with Riτ V˜ < 0.36 belongs to the first
regime, in which self-stratification dissipates turbulence but overall the flow still
turbulent. Riτ V˜ 0.36 to 0.375 is the transition zone, that is flows with Riτ V˜
values in this range are in transition and their properties are in between the
fully turbulent and locally laminar regimes. Finally if Riτ V˜ ≥ 0.375 the flow
relaminarizes locally near the bottom wall (below the velocity maximum) but
flow in the top half of the channel remains turbulent. An interesting trend in the
variation of energy dissipated due to buoyancy (c˜′w˜′Riτ ) has been discussed in
the previous section. Unlike other properties of the flow, c˜′w˜′Riτ first increases,
then decreases and then again increases with increase in Riτ or V˜ . Analyzing
the variation with respect to Riτ V˜ it is found that, first c˜′w˜′Riτ increase till
Riτ V˜ = 0.25, then it decreases till Riτ V˜ = 0.45 and then again increases for
Riτ V˜ > 0.45. So, we show that for a particular Reτ if Riτ V˜ is known, it is easy
to ascertain the general qualitative properties of the flow.
Conclusions
This work discusses the effect of self-stratification on channel flow. Self - strat-
ification caused by settling sediment particles have an effect on the mean flow,
mean properties of turbulence and turbulent structures. The analysis is done
on the data obtained from DNS simulations of sediment laden turbulent chan-
nel flows using an Eulerian-Eulerian approach. Also, the flow in the channel is
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sustained by a constant pressure gradient in the streamwise direction and the
sediment in the channel settle with a constant velocity. All the simulations were
run till they reach statistical stationarity, which is achieved due to the bound-
ary condition of zero net sediment flux at the walls. In general, the presence
of settling particles lead to a gradually increasing sediment concentration from
top of the channel to the bottom. This breaks the symmetry of the flow and
pushes the velocity maximum towards the bottom wall, away from center of
the plane. The flow is stably stratified and the level of stratification depends
on initial sediment concentration (shear Richardson number, Riτ ) and particle
settling velocity (V˜ ), more precisely it depends on the parameter Riτ V˜ . This is
an addition to the conclusion drawn by Cantero et al. [8], which said that the
level of stratification is controlled primarily by particle settling velocity.
The simulated flows which has a shear Reynolds number (Reτ ) of 180, can
be divided into two distinct regimes; one in which turbulence below the velocity
maximum is slightly damped and the second in which turbulence is almost com-
pletely suppressed, leading to local relaminarization. By local relaminarization
we mean the vertical Reynolds fluxes are negligible compared to viscous stresses.
So, though turbulent fluctuations are almost suppressed, they are not completely
eliminated. The critical point at which this change in flow regime happens is at
Riτ V˜ = 0.36 0.375. In our simulations we found that for Riτ V˜ ≤ 0.36, the flow
belongs to the first regime; whereas for Riτ V˜ ≥ 0.375 the flow is in the second
regime. So, the transition between the regimes happen between Riτ V˜ 0.36 to
0.375. Flows having similar Riτ V˜ were found to have similar properties, with
slight variations depending on the particle fall velocity (V˜ ) of the flow. In the
present study we explored the effect of V˜ and Riτ but keeping Reτ constant, in
the future it would be interesting to explore if these effects of self-stratification
are valid for flows at higher Reτ . Due to very high computational cost it is not
plausible to explore this problem at higher Reτ using DNS, thus we suggest the
use of Large Eddy Simulation (LES) to explore this problem in the future [26].
In the cases listed in Table 2.1 the highest Riτ V˜ for any case is 0.65, where
V˜ = 0.05 and Riτ = 13. We saw in the plots in the previous sections that
for a particular V˜ or Riτ , the average properties of the flows do not change too
drastically once Riτ V˜ is more than a critical value. So we expect that properties
of the flow with V˜ = 0.05 and Riτ = 14 to have have the same properties of
case15 in Table 2.1. Strangely, the flow in channel became completely laminar
(velocity profile was exactly parabolic and similar to the shape given by 2.11)
and eventually the simulation became unstable. This behavior was also observed
for all the cases in whith Riτ ≥ 23 for V˜ = 0.025 and Riτ ≥ 14 for V˜ = 0.05.
Though the flow becoming completely laminar (instead of local relaminarization
observed in other cases) is not impossible, it is highly improbable. Because, even
if for a short time the stratification due to the settling sediment is high enough
to dissipate turbulence at the top as well as bottom of the channel, the flow
over the courses of time will regain it’s turbulent nature near the top wall. This
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will happen because the suspended sediment has a constant downward velocity
(V˜ ), which will eventually reduce the concentration of sediment near the top
wall, thus reducing the stratification that might be suppressing the turbulence.
Another probable explanation for this behavior is that in the DNS simulation, we
might not be capturing all the pertinent physics. But DNS with a grid resolution
of 96 × 96 × 97 resolves all the pertinent turbulent length scales, so we guess
the problem might lie with the buoyancy length scale. We say this because, the
turbulent length scale or the Kolmogorov scale (lK =
(
ν3/
)0.25
) depends on
Reτ , which remains constant. The only thing changing with increase in Riτ V˜
is the buoyancy length scale or the Ozmidov scale (lo =
(
/N3
)0.5
, where N is
the Brunt−V aisala frequency), which decreases with increase in stratification.
Most of the time lK is smaller than lo thus DNS simulations with computational
grid size based on lK should be able to represent all the pertinent scales. But
due to increase in level of stratification (Riτ V˜ ), lo becomes smaller than lK ,
bringing new physics into play [27] and changing the smallest pertinent length
scale of the flow. This effect of self-stratification on lo and lK has also been
discussed briefly by Cantero et al. [14].
Based on our hypothesis, we again simulated the flow which has Riτ = 14
and V˜ = 0.05 but this time with a computational grid of resolution 150× 150×
151. Unlike the last attempt, this simulation was not unstable and reached a
statistically stationary state. The details has been listed as case16 in Table
2.1. Figures 2.38 to 2.42 shows the time evolution of non-dimensionalized mean
streamwise velocity, normalized mean concentration, mean wrms/Ubulk, Rif and
Rig profiles for the case 0.05 − 14. This analysis was done in order to check
features in the flow which is contrary to the expected trend of evolution in time.
The time mentioned in the plot is non-dimensional time, where 3 corresponds
to about 4.75 mean flow time. Mean flow time is the time needed by the flow to
traverse the length of the domain, which in our case is 0.633 (4pi/19.842, where
19.842 is Ubulk). In Figure 2.38 mean velocity profile is symmetric initally but
eventually gets skewed monotonically. The mean concentration profiles (Figure
2.39) also show a gradual change in time, with the concentration at the bottom
increasing monotonically. The normalized root mean square velocity profile
(Figure 2.40) shows an expected but interesting trend. Initially wrms decreases
through out the domain (from time 3 to 6) but then it continues to decrease in
lower half of the domain and increases in the upper half of the domain. So inline
with our hypothesis, initially turbulent intensity is suppressed through out the
domain but eventually with the settling of sediment, turbulent intensity in the
upper half of the domain increases. So this further cements the fact that self-
stratification cannot cause complete laminarization in a channel flow. The Rif
and Rig plots (Figure 2.41 and 2.42) show a gradual evolution with the velocity
maximum gradually moving towards the bottom wall. Also, initially Rif near
the top wall is higher than near the bottom wall and this is the only period of
time for which the flow has this property. On a whole, the time evolution of the
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flow is along the expected lines and do not show any special features to suggest
that there is any new mechanism at play. So, the DNS simulation of the case
0.05 − 14 was possible using a higher resolution computational grid but show
the same mean flow characteristics as previous cases. This further solidifies the
hypothesis about reduction in the governing length scale of the flow (lo, lK),
which requires a higher resolution computational grid to resolve all the physics
which were prevalent in the earlier cases. All said and done, this analysis about
the aforesaid hypothesis is just a fledgling one and more similar cases have to
be explored and analyzed.
This study highlights a need for us to be more cognizant while numerically
simulating stratified flows. High resolution numerical simulations provide us
with insights about the flow which sometimes are hard to ascertain from ex-
perimental observations. The knowledge gained from high resolution (DNS)
simulations can be used to improve existing LES and RANS models for strat-
ified flows, because they tend to approximate many of the small scale physics.
The present study is a step towards understanding the interplay of particle fall
velocity (V˜ ) and initial sediment concentration (Riτ ) in self-stratified channel
flows. In the future it would be interesting to see analysis of effect of self-
stratification on other properties of the flow, like sediment transfer coefficient
and for other types of flows like boundary layers and open channel flows.
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Figure 2.1: Simulated mean non-dimensionalized streamwise velocity for
increasing Riτ and V˜ = 0.025. Increase in Riτ , increases the asymmetry and
bulk velocity of the flow.
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Figure 2.2: Simulated mean non-dimensionalized sediment concentration for
increasing Riτ and V˜ = 0.025. Increase in Riτ , increases the gradient of the
concentration profile.
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Figure 2.3: Simulated mean non-dimensionalized streamwise velocity for
increasing V˜ and Riτ = 18. Increase in V˜ , increases the asymmetry and bulk
velocity of the flow.
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Figure 2.4: Simulated mean non-dimensionalized sediment concentration for
increasing V˜ and Riτ = 18. Increase in V˜ , increases the gradient of the
concentration profile.
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Figure 2.5: Normalized transverse root mean square velocity for increasing Riτ
and V˜ = 0.025. Turbulence intensity is suppressed with the increase in Riτ .
For Riτ ≥ 15 turbulence intensity near the bottom wall is almost completely
dissipated.
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Figure 2.6: Normalized streamwise root mean square velocity for increasing
Riτ and V˜ = 0.025. Turbulence intensity is suppressed with the increase in
Riτ . For Riτ ≥ 15 turbulence intensity near the bottom wall is almost
completely dissipated.
-­‐1	  
-­‐0.8	  
-­‐0.6	  
-­‐0.4	  
-­‐0.2	  
0	  
0.2	  
0.4	  
0.6	  
0.8	  
1	  
0.00	   0.02	   0.04	   0.06	   0.08	  
z/
h	  
Wrms/Ub	  
No-­‐Sed	  
Ri_tau=1	  
Ri_tau=10	  
Ri_tau=15	  
Ri_tau=20	  
Ri_tau=22	  
Ri_tau=18	  
Figure 2.7: Normalized wall-normal root mean square velocity for increasing
Riτ and V˜ = 0.025. Turbulence intensity is suppressed with the increase in
Riτ . For Riτ ≥ 15 turbulence intensity near the bottom wall is almost
completely dissipated.
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Figure 2.8: Mean non-dimensionalized Reynolds stress (u˜′w˜′) for increasing
Riτ and V˜ = 0.025. For Riτ ≥ 15, u˜′w˜′ near the bottom wall is almost
non-existent.
-­‐1	  
-­‐0.8	  
-­‐0.6	  
-­‐0.4	  
-­‐0.2	  
0	  
0.2	  
0.4	  
0.6	  
0.8	  
1	  
-­‐2.00	   -­‐1.00	   0.00	   1.00	   2.00	  
z/
h	  
Viscous	  Shear	  stress	  
No-­‐Sed	  
Ri_tau=1	  
Ri_tau=10	  
Ri_tau=15	  
Ri_tau=20	  
Ri_tau=22	  
Ri_tau=18	  
Figure 2.9: Mean non-dimensionalized viscous shear stress for increasing Riτ
and V˜ = 0.025. For Riτ ≥ 15, viscous shear stress near the bottom wall is
linear, which is the characteristic of a laminar flow.
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Figure 2.10: Mean non-dimensionalized total shear stress (τ˜tot) for increasing
Riτ and V˜ = 0.025. τ˜tot profiles are linear and gradually shifts towards the
channel bottom with increase in Riτ .
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Figure 2.11: Normalized transverse root mean square velocity for increasing V˜
and Riτ = 18. Turbulence intensity is suppressed with the increase in V˜ . For
V˜ > 0.02 turbulence intensity near the bottom wall is almost completely
dissipated.
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Figure 2.12: Normalized streamwise root mean square velocity for increasing
V˜ and Riτ = 18. Turbulence intensity is suppressed with the increase in V˜ .
For V˜ > 0.02 turbulence intensity near the bottom wall is almost completely
dissipated.
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Figure 2.13: Normalized wall-normal root mean square velocity for increasing
V˜ and Riτ = 18. Turbulence intensity is suppressed with the increase in V˜ .
For V˜ > 0.02 turbulence intensity near the bottom wall is almost completely
dissipated.
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Figure 2.14: Mean non-dimensionalized Reynolds stress (u˜′w˜′) for increasing V˜
and Riτ = 18. For V˜ > 0.02, u˜′w˜′ near the bottom wall is almost non-existent.
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Figure 2.15: Mean non-dimensionalized viscous shear stress for increasing V˜
and Riτ = 18. For V˜ > 0.02, viscous shear stress near the bottom wall is
linear, which is the characteristic of a laminar flow.
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Figure 2.16: Mean non-dimensionalized total shear stress (τ˜tot) for increasing
V˜ and Riτ = 18. τ˜tot profiles are linear and gradually shifts towards the
channel bottom with increase in V˜ .
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Figure 2.17: Mean normalized TKE production (P˜) for increasing Riτ and V˜
= 0.025. P˜ in the bottom half of the domain (especially near the bottom wall)
decreases with increase of Riτ , with a drastic decrease between Riτ 10 to 15.
Conversely we see an increase in P˜ in the upper half of the domain.
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Figure 2.18: Mean normalized TKE dissipation (˜) for increasing Riτ and V˜ =
0.025. Magnitude of ˜ in the bottom half of the domain (especially near the
bottom wall) decreases with increase of Riτ , with a drastic decrease between
Riτ 10 to 15. Conversely we see an increase in ˜ in the upper half of the
domain.
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Figure 2.19: Mean normalized TKE dissipation due to bouyancy (c˜′w˜′Riτ ) for
increasing Riτ and V˜ = 0.025. Magnitude of c˜′w˜′Riτ in the the domain first
increases with increase of Riτ till Riτ 10, then it decreases till Riτ 18 to
eventually increase for higher values of Riτ .
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Figure 2.20: Mean normalized TKE production (P˜) for increasing Riτ and V˜
= 0.025. This figure is a magnified view of the near wall (bottom) portion of
the domain. The trend seen is same as that seen in Figure 2.17.
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Figure 2.21: Mean normalized TKE dissipation due to bouyancy (c˜′w˜′Riτ ) for
increasing Riτ and V˜ = 0.025. This figure is a magnified view of the near wall
(bottom) portion of the domain. The trend seen is same as that seen in Figure
2.19.
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Figure 2.22: Mean normalized TKE production (P˜) for increasing V˜ and Riτ
= 18. P˜ in the bottom half of the domain (especially near the bottom wall)
decreases with increase of V˜ , with a drastic decrease between V˜ 0.02 and
0.025. Conversely we see an increase in P˜ in the upper half of the domain.
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Figure 2.23: Mean normalized TKE dissipation (˜) for increasing V˜ and Riτ =
18. Magnitude of ˜ in the bottom half of the domain (especially near the
bottom wall) decreases with increase of Riτ , with a drastic decrease between
V˜ 0.02 and 0.025. Conversely we see an increase in ˜ in the upper half of the
domain.
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Figure 2.24: Mean normalized TKE dissipation due to buoyancy (c˜′w˜′Riτ ) for
increasing V˜ and Riτ = 18. Magnitude of c˜′w˜′Riτ in the the domain first
increases with increase of V˜ till V˜ 0.02, then it decreases till V˜ 0.025 to
eventually increase for higher values of V˜ .
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Figure 2.25: Flux Richardson number (Rif ) for increasing Riτ and V˜ = 0.025.
Variation of Rif in the domain can be divided into two broad categories, one
in which Rif is always less than 0.2 (apart from near the velocity maximum)
and second in which Rif near the bottom wall is greater than or equal to 0.2.
The regime shift happens at Riτ ≥ 15.
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Figure 2.26: Gradient Richardson number (Rig) for increasing Riτ and V˜ =
0.025. Variation of Rig in the domain can be divided into two broad
categories, one in which Rif is always less than 0.25 (apart from near the
velocity maximum) and second in which Rig near the bottom wall is greater
than or equal to 0.25. The regime shift happens at Riτ ≥ 15.
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Figure 2.27: Flux Richardson number (Rif ) for increasing V˜ and Riτ = 18.
Variation of Rif in the domain can be divided into two broad categories, one
in which Rif is always less than 0.2 (apart from near the velocity maximum)
and second in which Rif near the bottom wall is greater than or equal to 0.2.
The regime shift happens at V˜ > 0.02.
39
-­‐1	  
-­‐0.8	  
-­‐0.6	  
-­‐0.4	  
-­‐0.2	  
0	  
0.2	  
0.4	  
0.6	  
0.8	  
1	  
0.0001	   0.001	   0.01	   0.1	   1	   10	  z/
h	  
Gradient	  Richardson	  number	  
Vs=0.005	  
Vs=0.01	  
Vs=0.015	  
Vs=0.02	  
Vs=0.03	  
Vs=0.025	  
Figure 2.28: Gradient Richardson number (Rig) for increasing V˜ and Riτ =
18. Variation of Rig in the domain can be divided into two broad categories,
one in which Rif is always less than 0.25 (apart from near the velocity
maximum) and second in which Rig near the bottom wall is greater than or
equal to 0.25. The regime shift happens at V˜ > 0.02.
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Figure 2.29: Non-dimensionalized mean streamwise velocity profiles for
different pairs of cases with same Riτ V˜ . Pair of cases with Riτ V˜ ' 0.25 have
almost the same profile with the one having higher V˜ (0.025− 10) being
slightly more asymmetric. Pair of cases with Riτ V˜ = 0.5 have appreciably
more difference among themselves. The pair of cases with Riτ V˜ ' 0.55 have
almost the same profile.
41
-­‐1	  
-­‐0.8	  
-­‐0.6	  
-­‐0.4	  
-­‐0.2	  
0	  
0.2	  
0.4	  
0.6	  
0.8	  
1	  
0.00	   5.00	   10.00	   15.00	   20.00	  
z/
h	  
Cmean/Cvol	  
No	  Sed	  
0.015x18=0.27	  
0.025x10=0.25	  
0.025x20=0.5	  
0.05x10=0.5	  
0.03x18=0.54	  
0.025x22=0.55	  
Figure 2.30: Normalized mean concentration profiles of sediment for different
pairs of cases with same Riτ V˜ . Pair of cases with Riτ V˜ ' 0.25 have almost
the same profile with the one having higher V˜ (0.025− 10) being slightly more
bottom heavy. Pair of cases with Riτ V˜ = 0.5 have appreciably more difference
among themselves. The pair of cases with Riτ V˜ ' 0.55 have almost the same
profile.
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Figure 2.31: Transverse root means square velocity (vrms) for different pairs of
cases with same Riτ V˜ . Pair of cases with Riτ V˜ ' 0.25 and Riτ V˜ ' 0.55 have
almost the same profile. Pair of cases with Riτ V˜ = 0.5 have appreciably more
difference among themselves.
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Figure 2.32: Streamwise root means square velocity (urms) for different pairs
of cases with same Riτ V˜ . Pair of cases with Riτ V˜ ' 0.25 and Riτ V˜ ' 0.55
have almost the same profile. Pair of cases with Riτ V˜ = 0.5 have appreciably
more difference among themselves.
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Figure 2.33: Wall normal root means square velocity (wrms) for different pairs
of cases with same Riτ V˜ . Pair of cases with Riτ V˜ ' 0.25 and Riτ V˜ ' 0.55
have almost the same profile. Pair of cases with Riτ V˜ = 0.5 have appreciably
more difference among themselves.
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Figure 2.34: Flux Richardson number (Rif ) for different pairs of cases with
same Riτ V˜ . Pair of cases with Riτ V˜ ' 0.25 and Riτ V˜ ' 0.55 have almost the
same profile. Pair of cases with Riτ V˜ = 0.5 have appreciably more difference
among themselves.
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Figure 2.35: Gradient Richardson number (Rig) for different pairs of cases
with same Riτ V˜ . Pair of cases with Riτ V˜ ' 0.25 and Riτ V˜ ' 0.55 have
almost the same profile. Pair of cases with Riτ V˜ = 0.5 have appreciably more
difference among themselves.
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Figure 2.36: Flux Richardson number (Rif ) for different cases with different
Riτ V˜ . Despite having different Riτ V˜ , cases with the similar V˜ have very
similar. Cases 0.05− 10, 0.05− 12 and 0.05− 13 have very similar profiles
despite having different Riτ V˜ and this is also reflected in profiles with
V˜ ' 0.25.
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Figure 2.37: Gradient Richardson number (Rig) for different cases with
different Riτ V˜ . Despite having different Riτ V˜ , cases with the similar V˜ have
very similar. Cases 0.05− 10, 0.05− 12 and 0.05− 13 have very similar profiles
despite having different Riτ V˜ and this is also reflected in profiles with
V˜ ' 0.25.
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Figure 2.38: Time evolution of non-dimensionalized streamwise mean flow
velocity for a case with V˜ = 0.05 and Riτ = 14. With time, the flow looses its
symmetric nature and the velocity maximum moves towards the bottom wall.
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Figure 2.39: Time evolution of normalized sediment concentration profile for a
case with V˜ = 0.05 and Riτ = 14. With time, the concentration profile
changes monotonically, where the bottom concentration increases gradually.
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Figure 2.40: Time evolution of normalized wall-normal rms velocity
(wrms/Ubulk) for a case with V˜ = 0.05 and Riτ = 14. Initially, the turbulence
intensity through out the domain decreases. But eventually the monotonic
decrease only continues in the lower half of the channel, whereas in the top
half the channel it increases.
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Figure 2.41: Time evolution of flux Richardson number (Rif ) for a case with
V˜ = 0.05 and Riτ = 14.
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Figure 2.42: Time evolution of gradient Richardson number (Rig) for a case
with V˜ = 0.05 and Riτ = 14.
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CHAPTER 3
COMPARISON OF EFFECTS OF
SELF-STRATIFICATION ON BOUNDARY
LAYERS AND CHANNEL FLOWS
Introduction
Suspended sediment is one of the most prevalent feature of naturally occurring
open channel flows. Over the past several decades there has been keen interest in
the area of suspended sediment flows, mainly due to its importance to morpho-
logical prediction. Suspended sediment also affects the water quality, ecological
health and navigability of the ports. Most of the studies on suspended sediment
have been theoretical or experimental in nature and were focused towards ac-
curate prediction of suspended sediment discharge and sediment concentration
profiles. The pioneers in this field were Vanoni [15] and Einstein and Chien
[16], who observed the accentuation of the velocity gradient in presence of sus-
pended sediment. The above experimental observations were also reflected in
the field measurements done in the Missouri and Atchafalaya Rivers [28], [16]
and the Mississippi River [29] [30]. The mechanism put forward for explaining
this observed phenomena is that of turbulence damping due to vertical density
stratification induced by settling suspended sediments. This phenomena of ver-
tical density stratification induction by settling sediment particles is also termed
as self-stratification.
Suspended sediment can be broadly divided into two categories, non-cohesive
and cohesive sediment. Apart from the effect due to vertical density stratifica-
tion, cohesive sediments have other mechanisms in play like, electrostatic bonds
between clay particles [7]. But stratification effects have been found to be preva-
lent in both cohesive and non-cohesive sediment [18]. The class of sediment we
have dealt in the present study is non-cohesive, and size of the sediment parti-
cles is in the range of fine sand to silt (for u∗ ≈ 0.1 m/s). Also, the sediment
has been modeled like solute using an advection-diffusion equation, where the
water sediment mixture is treated as a single phase fluid with all the sediment
particles following the turbulent movements apart from the downward vertical
motion of the sediment due to gravity. This treatment for suspended sediment
is justified for most of the cases we come across in nature, as pointed out by
Uittenbogaard [31] in his theoretical study on suspended sediment movement
in tidal flows. This was further backed by experimental measurements [32] that
showed the fluctuating velocity components (RMS velocity) of suspended sand
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of median diameter of 250 µm is 80 to 85 % of the corresponding RMS velocity
of the ambient water.
Effect of Self-Stratification has been studied for both channel flow and an
open-channel flow configuration, through various experimental, theoretical and
numerical studies. Though most of the flows in nature are of the open−channel
flow type (rivers), but there are cases for which the channel flow configuration
is more relevant, like a turbidity current. The major difference between the
channel flow and the open-channel flow is the boundary condition at the top
wall. For a pure channel flow case, the top wall along with the bottom wall has
no-slip boundary condition, but for an ideal open-channel flow, the boundary
condition at the top is free-surface boundary condition. In the present study, the
boundary condition used for the top wall is slip boundary condition. Though
the slip boundary condition at the top is not exactly what we have for an open-
channel flow, it encapsulates the main feature, that is zero shear stress at the
top boundary (if there is no wind). As the boundary condition used for the
top wall is not exactly the same as that for an open − channel flow, in the
present study we call it a boundary layer flow. The channel flow configuration
is similar to a conduit flow, than flow in a river but it has been used for several
fundamental high resolution numerical studies due to symmetry of the flow with
respect to the central axis.
Initially most of the research in the area of self-stratified flows were experi-
mental and theoretical in nature and were mostly done on the open-channel flow
configuration. Some of the notable experimental studies were done by Coleman
[33],[34] and Lyn [35]. All the studies affirmed Vanoni’s hypothesis that the
decrease in turbulence is due to the damping of turbulence by buoyancy effect
of the suspended sediment. The experimental observations were further backed
by theoretical analysis done by Hino [36], Lyn [35] and Zhou and Ni [37]. Due to
various instrumental restrictions, most of the initial experimental studies were
confined to the effects of suspended sediment on the mean profiles of velocity
and concentration and indirect analysis of their effects on turbulence. So, one of
the first studies to have detailed measurements of turbulent velocity intensities
was by Muste and Patel [32], which was followed up by extensive measurements
done under capacity (as well as non-capacity) flow condition by Celino and
Graf [38].Capacity flow condition means, amount of sediment in suspension in
the flow is at its maximum and any more added sediment would be deposited.
It can also be interpreted as the the sediment in suspension is at equilibrium
with the deposited sediment. In the present numerical study, a similar boundary
condition has been implemented for the suspended sediment, primarily because
it physically plausible and also because it allows the numerical simulation to
reach a statistically stable state.
Winterwerp [18] gave a broad review of the effects of self-stratification and
also outlined two separate mechanisms for non-cohesive and cohesive sediment.
Wright and Parker [20] studied the effects of self-stratification in sand bed rivers
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and affirmed the need for accounting of density stratification in any generic the-
ory about suspended sediment. They also successfully extended their argument
to field measurements and concluded that the effect of self-stratification is more
significant for large rivers with low-slope, compared to the ones which are nar-
rower and steeper. Despite the advancement in experimental measurements,
high-resolution measurements of turbulence and the effect of self-stratification
have not been possible, mainly due to the significant turbidity of water in
presence of suspended sediment. In the mean time, with the advent of more
advanced numerical methods and faster computers, high resolution numerical
simulations (Direct Numerical Simulation and Large Eddy Simulation) have be-
come significant part of fluid mechanics research. Though the Reynolds number
of the high-resolution numerical experiments are yet to reach the order found in
nature (or sometime even experiments), the feasibility of acquiring very detailed
measurements has attracted scientists interested in fundamental mechanisms of
fluid mechanics. Due to it significance to ocean and atmospheric sciences, there
has been a significant number of high resolution numerical studies of stratified
channel flows. Both Direct Numerical Simulation (DNS) [39],[40] and Large
Eddy Simulation (LES) [39],[41],[42] have been used to study the effect of im-
posed stratification on turbulent flows in a channel. The difference between the
studies with imposed stratification and those with self-stratification is the way
the fluid stratifies. In the case of imposed stratification, as suggested by the
name, the extent of stratification is imposed as an initial condition and the level
of stratification remains the same through out the simulation. Where as in the
case of self-stratification, the settling sediment particles creates a density dif-
ference in the vertical direction, which in turn creates a stratified environment.
The difference have been further elucidated in the next section.
Compared to DNS studies on stratified channel flows, till recently [14], [8]
there has been almost no studies on the effect of self-stratification on turbulence
using DNS. Cantero et al. [14] explored the effect of self-stratification on turbu-
lence in the context of turbidity currents [43], in which a simplified formalism of
turbidity current driven by gravity acting on suspended non-cohesive sediment,
called turbidity current with a roof (TCR) was used. Stratification caused by
the settling sediment particles was found to suppress turbulence, with local re-
laminarization of the flow for high enough particle fall velocity (V˜ ). Effect of
self-stratification on turbidity currents were further explored through studies
on, universal criteria for turbulence suppression in turbidity currents [44] and a
study on the mechanism of total turbulence suppression due to self-stratification
[45]. In the study to find the universal criteria for turbulence suppression [44],
along with the TCR configuration, DNS was also performed for an open-channel
like configuration. The configuration is exactly the same as the aforementioned
open− channel flow configuration, and was also used in the study on the mech-
anism of total turbulence suppression [45]. Unlike turbidity currents, flow in
rivers are driven by gravity acting on the fluid phase, that means the driving
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force of the flow remains even if all the suspended sediment settles down due
to suppression of turbulence. Thus, pressure driven channel (or open-channel)
flow is a configuration which is more similar to a river flow. Cantero et al. [8]
also studied the effect of self-stratification on a pressure driven channel flow
and found the phenomena of turbulence suppression prevalent, especially in the
lower half of the domain.
The current study is an extension of the aforementioned study by Cantero
et al. [8]. The present study primarily explores the difference between the
magnitude of the effect of self-stratification on a pressure driven channel flow
and a pressure driven boundary layer (may also be called open− channel flow)
for exactly the same initial conditions.
Mathematical Formulation
The domain under consideration is a horizontal channel in which the flow is
forced by a uniform pressure gradient in the longitudinal direction. The con-
figuration is almost the same for both the channel flow and boundary layer
cases, only difference is in the boundary condition implemented at the top and
bottom walls of the channel. As mentioned in the previous section, the stratifi-
cation in the present study can also be called self-stratification, as it is caused
by the density stratification due to settling sediment particles. Unlike the cases
with imposed stratification [40],[41] where the only parameter which governs
the level of stratification is the shear Richardson number (Riτ , equation (3.6));
self-stratification has two parameters, Riτ and particle fall velocity (V˜ , reflects
particle size) which govern the level of stratification (see chapter 2). So, it is
necessary to model the evolution of the sediment density gradient and it is done
using an advection-diffusion like equation. The sediment particles in suspension
are assumed to be of constant size, negligible inertia and moving at the same
same velocity as the fluid, but with a settling velocity of magnitude V˜ along the
direction of gravity. The sediment particles are assumed to be small enough for
a Eulerian way of representation to be valid [23]. Also, the flow is assumed to
be dilute enough that Boussinesq approximation holds. The dimensionless set
of equations that model the flow is
∂u˜
∂t˜
+ u˜ · ∇u˜ = G˜−∇pˆ+ 1
Reτ
∇2u˜+Riτ
(
c˜− c˜(h)
)
eg (3.1)
∇ · u˜ = 0 (3.2)
∂c˜
∂t˜
+
(
u˜+ V˜
)
· ∇c˜ = 1
ReτSc
∇2c˜ (3.3)
where u = (u˜, v˜, w˜) is the velocity of the fluid phase, c˜ is the volumetric con-
centration of the sediment particles, c˜(h) is the horizontally-averaged concentra-
tion, eg = (0, 0,−1) is a unit vector pointing along gravity, and V˜ =
(
0, 0,−V˜
)
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is the settling velocity of the particles. The flow is driven by a stream-wise con-
stant pressure gradient G˜ = (1, 0, 0). And pˆ is the pressure field after removing
the hydrostatic component. Thus the pressure has been redefined as
pˆ = p˜+Riτ
∫ z˜
0
c˜(h) (η) dη (3.4)
where p˜ is the dynamic pressure. All the variables are dimensionless. The
velocity scale is average shear velocity u∗. defined by
u∗,avg =
√
τb + τt
2ρf
(3.5)
where τb and τt is the mean wall shear stresses at the bottom and the top of
the channel, and ρf is the fluid density. In case of boundary layer configuration
τt is equal to zero, thus u∗,avg =
√
τb
ρf
should hold but for the sake of keeping
the models equivalent equation (3.5) is imposed for the calculations. The main
implication is, the bottom shear stress (τb) for the boundary layer case would be
higher than that of the channel flow cases (
√
2 to be precise), but this allows to
keep the average shear stress in the domain ((τb + τt) /2) the same for both the
cases. The length scale is the channel half height h and h/u∗ is used as the time
scale. The pressure scale is defined as ρu2∗. The dimensionless numbers used
in 3.1-3.3 are the shear Reynolds number (Reτ ), the shear Richardson number
(Riτ ) and the Schmidt number (Sc), which are defined as
Reτ =
u∗h
ν
Riτ =
gRc(υ)h
u2∗
Sc = νκ
(3.6)
Where ν is the kinematic viscosity of the fluid, g is acceleration due to gravity,
R = ρs/ρf − 1 where ρs is the sediment density, c(υ) the volume-averaged
concentration, and κ is the diffusivity of the sediment particles.
The framework adopted for this study assumes smooth walls and does not pro-
vide a direct mechanism for particle resuspension from the walls. Instead, the
diffusion term in 3.3 acts as a surrogate for processes near a rough wall that fa-
cilitates the resuspension of particles. Though the assumption is not completely
physically valid as one may wrongly conclude that sediments coarser than col-
loids undergo significant molecular diffusion; it can be correctly conceptualized
in the limit of very small particles that posses finite fall velocity (particles in
the range of fine sand and silt). For a statistically stationary state to prevail in
the formulation, the diffusive flux is set exactly equal to the sedimentation flux
at the walls. In the limiting case of V˜ = 0, equation 3.3 reduces to the equation
for transportation of a scalar; and the diffusion term accounts for the molecular
diffusion of the scalar field. From a numerical point of view the diffusion term
3.3 ensures stability of the simulation. The dimensionless governing equations
are solved using a de-aliased psuedospectral code [24]. Flow variables in the
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horizontal directions (x-y) are solved in the Fourier space; where as for the
inhomogeneous vertical direction a Chebyshev expansion is used with Gauss-
Lobatto quadrature points. An operator splitting method is used to solve the
momentum equation along with the incompressibility condition. A low-storage
mixed third order Runge-Kutta and Crank-Nicolson scheme is used for temporal
discretization of the advection-diffusion terms. Pressure correction is applied at
the end of each stage. Further details on the implementation of this numeri-
cal scheme can be found in Cortese and Balachandar [25]. Dimensions of the
channel and resolution for DNS have been selected based on a previous seminal
study on the same subject [8]. The length of the channel is L˜x = 4pi, width is
L˜y = 4pi/3 and height is L˜z = 2. The grid resolution used is Nx = 96, Ny = 96
and Nz = 97; and the non-linear terms are computed in a grid of resolution
3Nx/2× 3Ny/2×Nz in order to prevent aliasing errors.
The bottom wall of the channel present smooth boundary to the flow and
a no-slip condition is applied for the velocity at the boundary. For the top
wall, in the channel flow case it is treated exactly as the bottom wall but in
the boundary layer (open-channel flow like) simulation, the top boundary has
been implemented as slip boundary condition. The sediment is assumed to
be sufficiently fine so that the flow does not allow net deposition; thus any
particle that settles is instantly re-entrained. The boundary conditions can be
mathematically represented as
u˜ = 0 at
z˜ = −1 and z˜ = 1
c˜V˜ + 1ReτSc
∂c˜
∂z˜ = 0 at
z˜ = −1 and z˜ = 1
(3.7)
for the channel flow configuration and for the boundary-layer configuration it
can be mathematically represented as
u˜ = 0 at z˜ = −1
∂u˜
∂z˜ = 0
∂v˜
∂z˜ = 0 and
w˜ = 0 at z˜ = 1
c˜V˜ + 1ReτSc
∂c˜
∂z˜ = 0 at
z˜ = −1 and z˜ = 1
(3.8)
Periodic boundary conditions are used along the horizontal directions. Due to
the above stated boundary conditions, the flow evolves from the initial condition
through redistribution of the sediment particles within the channel. Thus, the
total particle load of the flow is maintained constant and equal to the initial
value at all times. For all the cases considered the time integration is over a
dimensionless time interval long enough for the flow to achieve a statistically
stationary state. It has been found that the time is long enough for the accurate
computation of first and second order statistics. The present study tries to
address the effect of shear Richardson number (Riτ ) and sediment fall velocity
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(V˜ ) on the flow, for two different flow configuration. The shear Richardson
number of the flow is varied systematically for different sediment fall velocity,
while keeping the shear Reynolds number (Reτ = 180) and Schmidt number
(Sc = 1) constant. The Schmidt number was kept constant on the basis of
previous studies [8], where they found the influence of Sc to be negligible for
flows in the turbulent regime. The present study mainly focuses on the cases
for which V˜ = 0.025 and Riτ is varied between 1-18. We also explore few other
cases with V˜ = 0.05 and 0.01, but for some particular few Riτ . Details of all
the cases has been listed in Table 3.1.
Results
Suspended sediment in the flow causes self-stratification due to the inherent
property of the particles to settle down. This leads to formation of stably strat-
ified concentration profile, which increases monotonically towards the bottom
wall. In the present study we will analyze 14 different cases to gain insights
into different ways self-stratification effects pressure driven channel flow and
pressure driven boundary-layer for exactly the same initial condition. All the
analyzed cases have been listed in (Table 3.1). Apart from containing informa-
tion about the governing parameters of different simulations (Reτ , V˜ and Riτ ),
Table 3.1 also contains few global parameters that provide additional insights
into the state of the simulations. The parameters are the bulk Reynolds number
(Reb =
Ubulkh
ν ) and the bulk Richardson number (Rib =
gR(c¯b−c¯t)h
U2bulk
) of the flow.
In the above equations, Ubulk is the bulk streamwise velocity of the flow and is
calculated using, Ubulk =
1
2h
∫ h
−h u¯(z)dz; also c¯b and c¯t are mean concentration
at the bottom and top of the channel. The table also lists the computational grid
used for each simulation, u˜∗,b and u˜∗,t that are the non-dimensionalized shear
velocity at the bottom and top wall of the channel, and non-dimensionalized
particle concentration at the top (¯˜ct) and the bottom (¯˜cb) of the channel.
Constant particle fall velocity (V˜ ) and varying shear Richardson
number (Riτ )
The first set of simulation that has been analyzed has a constant particle fall
velocity (V˜ ) of 0.025. For the case of boundary-layer (opne− channel like) flow
[fig:3.1], bulk streamwise velocity is found to be increasing with increase in shear
Richardson number (Riτ ) of the flow. For the corresponding case of channel flow
[fig:3.2], the increase in Riτ produces increase in the bulk streamwise velocity
of the flow, and also notable is the increasing skewness of the velocity maxima.
Interestingly this skewness is not observed in the boundary-layer cases. This
is concurrent with observations made in previous studies [45] with a similar
configuration. As in the case of streamwise velocity, the concentration profiles
56
for both the cases show stark differences. Suspended sediment concentration
profiles for the boundary-layer case [fig:3.3], shows increase in gradient especially
in the upper portion of the domain. For the channel flow cases [fig:3.4], the
increase in suspended sediment concentration gradient is much more appreciable
and unlike the boundary-layer case, the portion of the domain which sees the
maximum change is near the lower wall.
One of the most important property of a flow is turbulence (most flows in
nature are turbulent) because it helps in keeping sediment in suspension and
transportation of other solutes like nutrients, contaminants etc. A parameter
that reflects the turbulence intensity of a flow is the root mean square (RMS)
velocity; which are defined as urms =
√
u′2, vrms =
√
v′2 and wrms =
√
w′2;
where u′, v′ and w′ are the turbulent fluctuations of the velocity field. Normal-
ized rms velocities (urms/Ubulk) have been plotted for varying Riτ (V˜ = 0.025)
in Figures 3.5 to 3.10. For the boundary-layer cases, RMS velocity decreases
with increase in Riτ but the decrease isn’t too appreciable and the trend com-
pares well with previous studies [45]. For the channel flow cases, near the bottom
wall there is considerable suppression of turbulence with increase in Riτ whereas
there is slight increase in turbulence intensity in the upper portion of the do-
main. Also we can clearly see formation of two distinct regimes (for Riτ ≥ 15),
which is again consistent with previous studies (Chapter 2) and the regimes at
Riτ ≥ 15 can be associated with local relaminarization of the flow. Compar-
ing different RMS velocities for both the configuration, transverse turbulence
intensity in general decreases with increase in Riτ for the boundary-layer case
[fig: 3.5], with more significant decrease near the top boundary; whereas for the
corresponding cases of channel flow [fig: 3.6] show appreciable suppression of
turbulence intensity near the bottom boundary but slight increase in the upper
portion of the domain. Streamwise turbulence intensity in boundary-layer flow
[fig: 3.7], decreases with increase of Riτ throughout the domain, but again the
magnitude of decrease is significantly lower than what we find for the channel
flow cases [fig: 3.8]. In the case of wall normal turbulence intensity the trend for
the channel flow configuration [fig: 3.10] is similar to that of transverse veloc-
ity, and for boundary-layer configuration turbulence intensity decreases almost
uniformly throughout the domain with slightly higher magnitude of decrease in
the near the upper boundary (not at the upper boundary, as w˜ = 0 is imposed
as a boundary condition).
In the channel flow configuration there are cases (Riτ ≥ 15) in which turbu-
lence intensity near the bottom wall is almost completely suppressed, so different
stress profiles have been plotted (and compared) in order to check for the phe-
nomena of local relaminarization of the flow. For the channel flow configuration,
Reynolds stress (u˜′w˜′) profiles [fig:3.12] show a mixed trend that is consistent
with the aforementioned RMS velocity profiles; near the bottom wall u˜′w˜′ first
decreases for increasing Riτ and then for Riτ ≥ 15 Reynolds stress is almost
zero. On the contrary in the upper portion of the domain, magnitude of u˜′w˜′
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increase with increase in Riτ . For the case of viscous shear stress [fig:3.14],
there is no appreciable change in the profile till Riτ = 15 and then it becomes
linear near the bottom wall. Linearity of the viscous shear stress and almost
zero value of u˜′w˜′ further points towards local relaminarization of the flow. As a
check of the calculations, total shear stress (viscous + Reynolds stress) profiles
have also been plotted [fig:3.16], and as expected they are found to be linear.
Surprisingly, the corresponding shear stress plots for the boundary-layer con-
figuration [Figures: 3.11, 3.13 and 3.15] did not show significant change with
increase in Riτ . Due to suppression of turbulence (as obvious from the RMS
velocity plots) at the u˜′w˜′ profiles were expected to show reduction in Reynolds
stress [45].
Another parameter that mirrors the turbulence in a flow is turbulent kinetic
energy (TKE). For a statistically stable and stably stratified channel flow (for
any configuration), mean TKE can be defined using the equation
P˜ − ˜+ d
dz˜
(
1
Reτ
dk˜
dz˜
− w˜′
(
p˜+
1
2
u˜′iu˜
′
i
))
− c˜′w˜′Riτ = 0 (3.9)
where mean variables have bar on top and perturbations from the mean has
prime. Also, k˜ = 12 u˜
′
iu˜
′
i is the TKE, P˜ = −u˜′w˜′ d¯˜udz˜ is TKE production and
˜ = 1Reτ
∂u˜′i
∂x˜i
∂u˜′i
∂x˜i
is TKE dissipation. All the other variables are same as defined
in previous sections. In the context of sediment laden flow the term c˜′w˜′Riτ
represents the TKE damped (or enhanced for the case of unstable stratification)
due to presence of suspended sediment. Analyzing the variation of P˜, ˜ and
c˜′w˜′Riτ , gives us a better idea about state of the flow and amount of energy
being dissipated by buoyancy effects.
Figure 3.17 shows the variation of normalized TKE production (P˜) with in-
crease in Riτ and V˜ = 0.025, for the pressure driven boundary-layer configura-
tion. P˜ is found not to change appreciably (slightly decreases) with respect to
increase in Riτ and the results are consistent with previous studies [45]. TKE
dissipation (˜) shows [fig:3.19] similar to P˜, with almost no appreciable change
in ˜ with increase in Riτ . On the other hand magnitude of P˜ for the channel
flow [fig:3.18], decreases with increase of Riτ in the bottom half of the domain
(especially near the bottom wall), with a drastic decrease between Riτ 10 to
15, and then an increase in P˜ in the upper half of the domain. Exactly the
same trend is shown by the ˜ profiles [fig:3.20]. More interesting trend is ob-
served for the TKE dissipated by buoyancy (c˜′w˜′Riτ ); for the pressure driven
boundary-layer configuration c˜′w˜′Riτ is found to be increasing monotonically
with increase in Riτ [fig:3.21]. First c˜′w˜′Riτ increases appreciably for Riτ 1
to 15, but from 15 to 18 the increase is more subdued. The trend is more or
less consistent with previous studies [45]. On the contrary for the channel flow
cases [fig:3.22], c˜′w˜′Riτ first increases with increase in Riτ (till Riτ ≈ 10), then
decreases till Riτ ≈ 15 and then finally increase slightly with increase in Riτ .
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Sudden decrease in c˜′w˜′Riτ in the channel flow case can be attributed to the
sudden drop of P˜, going from Riτ 10 to 15. That is why we do not see a similar
drop in the case of the boundary-layer because value of P˜ doesn’t decrease going
from Riτ 10 to 15.
The effect of stratification can also be quantified using degree of stratifica-
tion. Degree of stratification can be conveniently quantified as the gradient
Richardson number (Rig) and flux Richardson number (Rif ). In the context of
stratification due to suspended sediment, flux Richardson number is defined as
the ratio of the rate of expenditure of TKE in holding the sediment in suspension
to the rate of generation of TKE by the flow (P˜).
Rif =
c˜′w˜′Riτ
P˜ =
c˜′w˜′Riτ
−u˜′w˜′ d¯˜udz˜
(3.10)
If Rif = 0, no turbulence is dissipated by stratification; whereas if Rif 0.2,
almost all the turbulence is completely suppressed. So, in a region where tur-
bulence is almost completely damped, Rif will be greater than or equal to 0.2.
There are cases in which the Reynolds fluxes cannot be calculated easily, for
those cases a simpler to calculate but equally effective parameter is gradient
Richardson number (Rig), and it is defined as
Rig =
−Riτ d¯˜cdz˜(
d¯˜u
dz˜
)2 (3.11)
Rig = 0.25 is said to be the critical value of linear stability. It may be noted
that, due to presence of d
¯˜u
dz˜ in the denominator of the formulas to calculate Rif
and Rig, the parameters diverge as we reach the region of velocity maximum,
giving erroneous unnatural values. So, while plotting Rif and Rig, we have
not plotted the points in the domain which have unnatural values. For the
boundary-layer cases [fig:3.23], flux Richardson number (Rif ) never reaches the
critical value of 0.2, apart from the region near the top boundary. The anomaly
near the top boundary is due to almost zero Reynolds stresses, which makes the
denominator in equation 3.10 almost zero thus giving erroneous values. Gradient
Richardson number (Rig) also shows a similar trend [fig:3.25]. On the contrary
for the channel flow case, Rif profiles [fig:3.24] and Rig profiles [fig:3.26] clearly
show presence of two distinct regimes, consistent with turbulence intensity and
Reynolds stress profiles. The Regime shift happens between Riτ 10 and 15.
In one regime Rif and Rig never approaches the critical value of 0.2 ∼ 0.25
(apart from the region around the velocity maxima) and in the other Rif and
Rig near the bottom wall is greater than or equal to the critical value. This
further cements the notion of local relaminarizaton of the flow arising from
almost complete suppression of turbulence.
The next set of simulations analyzed has a constant V˜ = 0.05 and Riτ has two
values 1 and 5. The analysis of the present set is mainly aimed to see if the effect
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of self-stratification on different parameters are consistent with the trends shown
by the cases with V˜ = 0.025. Unlike the previous set, in the present set the
boundary-layer cases and the channel flow cases have been plotted together, this
allows a direct one on one comparison between the two configuration. Figure
3.27 plots the mean streamwise velocity for different cases. Bulk streamwise ve-
locity of the boundary-layer is significantly higher than that of the channel flow
but the effect of self-stratification on the velocity profile is relatively more ap-
preciable for the channel flow case. For the case of mean sediment concentration
f[ig:3.28], the effect of self-stratification on the boundary-layer cases is almost
negligible; whereas for the channel flow cases the gradient of of the concentra-
tion profile shows significant increase. Normalized transverse and wall-normal
RMS velocities show [fig:3.29 and 3.31] almost the same trend for the channel
flow case, with appreciable decrease with increase of Riτ in lower portion of
the domain and slight increase in upper portion of the domain. On the other
hand the boundary-layer case doesn’t show significant decrease with increase
in Riτ . Figure 3.30 shows variation of streamwise RMS velocity, interestingly
all the profiles look similar in the lower portion of the domain (blow z˜ = 0).
Consistent with the trend for transverse and wall-normal turbulence intensity,
effect of increasing self-stratification on streamwise turbulence intensity for the
channel flow configuration is more significant than for the boundary-layer con-
figuration. Mean TKE production and dissipation [fig:3.32 and 3.33] reflect the
trend portrayed by turbulence intensities, and unlike the aforementioned cases
with V˜ = 0.025, the channel flow configuration does not go through a regime
change that results in local relaminarization of the flow. Mean TKE dissipated
by buoyancy [fig:3.34] increases with increase of Riτ for both configuration,
though magnitude of increase is more for the channel flow configuration. Fig-
ure. 3.35 and 3.36 show the variation of Rif and Rig (respectively) with increase
of Riτ . Both Rif and Rig increases with increase in Riτ but they never attain
the critical value of 0.2 ∼ 0.25 required for total turbulence suppression. The
trends observed are consistent with previous studies [45] and the previous set
of cases analyzed in this section.
Constant shear Richardson number (Riτ ) and varying particle fall
velocity (V˜ )
A set of simulations [Table 3.1] were done at very low (Riτ = 1) but increasing V˜
(0.01 to 0.05) for both the configuration. They were done to observe the relative
effect of increasing V˜ at low suspended sediment concentration (Riτ ). Figure
3.37 shows the variation of mean streamwise velocity with respect to increasing
V˜ . As Riτ is very low, the suspended sediment doesn’t have a significant effect
on the velocity profiles. This throws up an important point that, despite the
presence of large particles (high V˜ ), if the concentration (Riτ ) of the suspended
sediment is not high enough, the net degree of stratification remains low. The
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mean sediment concentration [fig:3.38] profile shows that for the channel flow
configuration we do get suspended sediment concentration profile with a high
gradient, but ultimately due to low Riτ (or sediment concentration) the effec-
tiveness of the sediment concentration profile is diminished. Any plot of Rif
or Rig will reflect that. The main job of self-stratification is to suppress turbu-
lence, but turbulence intensity plots [fig:3.39 to 3.40] clearly shows that there
is almost no suppression of turbulence at any point in the domain. Analysis of
this set of cases did not show the trends observed in the previous section, and
it is mainly due to pretty low Riτ .
Conclusions
The present study is an extension of the study done by Cantero et al. [8],
and is aimed at comparing the effects of suspended sediment on flows with
exactly the same initial conditions but slightly different boundary conditions
(equations 3.7 and 3.8). It is observed, that effect of increasing self-stratification
on mean streamwise velocity profile is more evident for the case of pressure
driven channel flow, than a pressure driven boundary-layer. The simulated
results for the boundary-layer configuration are in qualitative agreement with
most of the observed effects of suspended sediment on the velocity profiles,
obtained from laboratory experiments and field observations. But the results for
the boundary-layer configuration does not agree with observation by Lyn [35],
which says the effect of suspended sediment on the velocity profile is confined
to approximately the lower 20 % of the water column. On the other hand the
trends shown by different parameter profiles (like RMS velocity, TKE production
etc.) for the boundary-layer cases are similar to the trends observed by a recent
DNS study [45] for the same configuration but for a flow driven by gravity
acting on the suspended sediment. One major difference in the results of the
present study and the aforementioned recent DNS study [45] is in the Reynolds
stress profiles. In the present study increase in the level of stratification does
not have a significant effect on the Reynolds stress profiles [fig: 3.11], which
is contrary to the recent DNS study we are comparing with. Closer scrutiny
of the data does reveal that there is a slight effect (suppression of Reynolds
stresses) of the increasing stratification (Riτ ). This insignificant effect on the
Reynolds stresses can be attributed to difference in the driving mechanism of the
flows in the present study and the previous DNS study we are comparing with.
In the present study the flow is driven by a constant pressure gradient which
remains the same despite the increase in level of stratification (as in the case of
a river), so the force that generates the Reynolds stresses remains intact and the
extra energy dissipated due to increase in stratification is compensated. On the
contrary if the flow is driven by the suspended sediment, even slight suppression
of turbulence leads to less amount of sediment in suspension, eventually reducing
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the driving force and thus generation of the Reynolds stresses.
This also points towards the aspect of complete suppression of turbulence. As
the present study was more aimed as a comparative one, we did not explore the
possibility of complete suppression of turbulence and we think due to a pres-
ence of a constant driving force, complete suppression of turbulence might not
be possible in the present configuration, but it does remain a pertinent question
which should be further explored. It was also observed though out the study
that the channel flow configuration gets more affected by the increase in strati-
fication than boundary-layer configuration. This may be attributed to the fact
that the same amount of forcing is being used to generate two boundary layers
(for the channel top and bottom) compared to one, which leads to higher shear
velocity at the bottom wall for the boundary-layer cases (Table 3.1). As the
self-stratification effect is most prevalent near the bottom wall, higher u˜∗ near
the bottom makes the boundary-layer case less susceptible to increase in stratifi-
cation. In order to further explore the stated hypothesis, it would be interesting
to do DNS of flows with the top boundary at no-slip and the bottom boundary
at slip condition. For making a more apt comparison between the channel flow
and the boundary-layer configuration, we think the boundary-layer configura-
tion should be simulated at shear Reynolds number (Reτ ) less than that for the
channel flow. We think for a more apt comparison, Reτ,ch/Reτ,oc =
√
2 should
be used, where Reτ,ch is the Reτ for the channel flow. Finally, in between the
different set of cases we compared, the set with constant V˜ = 0.05 never reaches
the regime of almost complete local turbulence suppression, even for the channel
flow configuration. Due to their inherent properties, the pressure driven channel
flow configuration can never have complete turbulence suppression (only local
realminarization) but it would be interesting to observe and attain that for the
pressure driven boundary-layer configuration. The present answers a few ques-
tions but leaves quite a few unanswered and to make the present study more
rounded, it would be interesting to explore the effect of increasing V˜ and con-
stant but higher value of Riτ (higher than 1 used in the present study) for the
boundary-layer configuration.
Tables
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Figure 3.1: Simulated mean non-dimensionalized streamwise velocity of a
pressure driven boundary-layer, for increasing Riτ and V˜ = 0.025. In
accordance with experimental and field observations, streamwise velocity is
found to be increasing with the increase in Riτ .
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Figure 3.2: Simulated mean non-dimensionalized streamwise velocity of a
pressure driven channel flow, for increasing Riτ and V˜ = 0.025. In accordance
with previous studies, bulk streamwise velocity is found to be increasing with
the increase in Riτ .
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Figure 3.3: Simulated mean non-dimensionalized sediment concentration of a
pressure driven boundary-layer, for increasing Riτ and V˜ = 0.025. Increase in
Riτ increase the gradient of the concentration profile, though the increase isn’t
appreciable near the bottom wall.
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Figure 3.4: Simulated mean non-dimensionalized sediment concentration of a
pressure driven channel flow, for increasing Riτ and V˜ = 0.025. Increase in
Riτ increase the gradient of the concentration profile, and the increase is
appreciable especially for Riτ ≥ 15
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Figure 3.5: Normalized transverse RMS velocity of a pressure driven
boundary-layer, for increasing Riτ and V˜ = 0.025. Turbulence intensity is
suppressed with the increase in Riτ , though the suppression isn’t too
appreciable near the bottom wall.
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Figure 3.6: Normalized transverse RMS velocity of a pressure driven channel
flow, for increasing Riτ and V˜ = 0.025. Turbulence intensity is suppressed
with the increase in Riτ . For Riτ ≥ 15 turbulence near the bottom wall is
almost completely dissipated.
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Figure 3.7: Normalized streamwise RMS velocity of a pressure driven
boundary-layer, for increasing Riτ and V˜ = 0.025. Turbulence intensity is
suppressed with the increase in Riτ .
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Figure 3.8: Normalized streamwise RMS velocity of a pressure driven channel
flow, for increasing Riτ and V˜ = 0.025. Turbulence intensity is suppressed
with the increase in Riτ . For Riτ ≥ 15 turbulence near the bottom wall is
almost completely dissipated.
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Figure 3.9: Normalized wall-normal RMS velocity of a pressure driven
boundary-layer, for increasing Riτ and V˜ = 0.025. Turbulence intensity is
suppressed with the increase in Riτ , though the suppression is more significant
in the upper portion of the domain.
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Figure 3.10: Normalized wall-normal RMS velocity of a pressure driven
channel flow, for increasing Riτ and V˜ = 0.025. Turbulence intensity is
suppressed with the increase in Riτ . For Riτ ≥ 15 turbulence near the bottom
wall is almost completely dissipated.
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Figure 3.11: Mean non-dimensionalized Reynolds stress (u˜′w˜′) of a pressure
driven boundary-layer, for increasing Riτ and V˜ = 0.025. Surprisingly, we do
not see any appreciable decrease in u˜′w˜′ with increase in Riτ
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Figure 3.12: Mean non-dimensionalized Reynolds stress (u˜′w˜′) of a pressure
driven channel flow, for increasing Riτ and V˜ = 0.025. For Riτ ≥ 15, u˜′w˜′
near the bottom wall is almost zero, whereas in upper portion of the domain
the magnitude increases with increase of Riτ
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Figure 3.13: Mean non-dimensionalized viscous shear stress of a pressure
driven boundary-layer, for increasing Riτ and V˜ = 0.025. Surprisingly, we do
not see any appreciable change in viscous shear stress with increase in Riτ
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Figure 3.14: Mean non-dimensionalized viscous shear stress of a pressure
driven channel flow, for increasing Riτ and V˜ = 0.025. For Riτ ≥ 15, viscous
shear stress near the bottom boundary is linear, which is similar to what we
expect to see for a laminar flow.
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Figure 3.15: Mean non-dimensionalized total shear stress of a pressure driven
boundary-layer, for increasing Riτ and V˜ = 0.025. Total shear stress profiles
are linear (as expected) but surprisingly, we do not see any appreciable change
in total shear stress with increase in Riτ
71
-­‐1	  
-­‐0.8	  
-­‐0.6	  
-­‐0.4	  
-­‐0.2	  
0	  
0.2	  
0.4	  
0.6	  
0.8	  
1	  
-­‐2.00	   -­‐1.00	   0.00	   1.00	   2.00	  
z/
h	  
Total	  Shear	  stress	  	  
Ri_tau=1	  
Ri_tau=10	  
Ri_tau=15	  
Ri_tau=18	  
Figure 3.16: Mean non-dimensionalized total shear stress of a pressure driven
channel flow, for increasing Riτ and V˜ = 0.025. Total shear stress profiles are
linear and with increase in Riτ they gradually shift towards the channel
bottom.
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Figure 3.17: Mean normalized TKE production (P˜) of a pressure driven
boundary-layer, for increasing Riτ and V˜ = 0.025. We do not see any
appreciable change in P˜ (just a slight decrease) with increase in Riτ .
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Figure 3.18: Mean normalized TKE production (P˜) of a pressure driven
channel flow, for increasing Riτ and V˜ = 0.025. P˜ in the bottom half of the
domain (especially near the bottom wall) decreases with increase of Riτ , with
a drastic decrease between Riτ 10 to 15. Converesely we see an increase in P˜
in the upper half of the domain.
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Figure 3.19: Mean normalized TKE dissipation (˜) in a pressure driven
boundary-layer, for increasing Riτ and V˜ = 0.025. We do not see any
appreciable change in ˜ (just a slight decrease) with increase in Riτ .
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Figure 3.20: Mean normalized TKE dissipation (˜) in a pressure driven
channel flow, for increasing Riτ and V˜ = 0.025. Magnitude of ˜ in the bottom
half of the domain (especially near the bottom wall) decreases with increase of
Riτ , with a drastic decrease between Riτ 10 to 15. Converesely we see a slight
increase in ˜ in the upper half of the domain.
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Figure 3.21: Mean normalized TKE dissipation due to buoyancy (c˜′w˜′Riτ ) in
a pressure driven boundary-layer, for increasing Riτ and V˜ = 0.025.
Magnitude of c˜′w˜′Riτ in the the domain increases with increase of Riτ .
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Figure 3.22: Mean normalized TKE dissipation due to buoyancy (c˜′w˜′Riτ ) in
a pressure driven channel-flow, for increasing Riτ and V˜ = 0.025. Magnitude
of c˜′w˜′Riτ in the the domain first increases with increase of Riτ till Riτ 10,
then it decreases till Riτ 18.
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Figure 3.23: Flux Richardson number (Rif ) in the domain of a pressure driven
boundary-layer, for increasing Riτ and V˜ = 0.025. The profile clearly shows
that the degree of stratification increases with increase in Riτ with an
appreciable increase between 1 to 10 but then not so significant increase from
10 to 18. Apart from near the top boundary (that too due to lack of TKE
production), Rif never approaches the critical value of 0.2, so turbulence is
never completely suppressed.
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Figure 3.24: Flux Richardson number (Rif ) in the domain of a pressure driven
channel flow, for increasing Riτ and V˜ = 0.025. Variation of Rif in the
domain can be divided into two broad categories, one in which Rif is always
less than 0.2 (apart from the area near the velocity maximum) and second in
which Rif near the bottom wall is greater than or equal to 0.2. There is a
clear shift in regime, which happens at Riτ ≥ 15.
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Figure 3.25: Gradient Richardson number (Rig) in the domain of a pressure
driven boundary-layer, for increasing Riτ and V˜ = 0.025. The profile clearly
shows that the degree of stratification increases with increase in Riτ with an
appreciable increase between 1 to 10 but then not so significant increase from
10 to 18. Apart from near the top boundary (that too due to lack of TKE
production), Rig never approaches the critical value of 0.25, so turbulence is
never completely suppressed.
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Figure 3.26: Gradient Richardson number (Rig) in the domain of a pressure
driven channel flow, for increasing Riτ and V˜ = 0.025. Variation of Rig in the
domain can be divided into two broad categories, one in which Rig is always
less than 0.25 (apart from the area near the velocity maximum) and second in
which Rig near the bottom wall is greater than or equal to 0.25. There is a
clear shift in regime, which happens at Riτ ≥ 15.
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Figure 3.27: Mean non-dimensionalized streamwise velocity of a pressure
driven boundary-layer (OCH) and channel flow (CH), for increasing Riτ and
V˜ = 0.05. In accordance with experimental and field observations, streamwise
velocity is found to be increasing with the increase in Riτ . The magnitude of
increase for the channel configuration is relatively higher than that of the
boundary layer.
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Figure 3.28: Mean non-dimensionalized sediment concentration of a pressure
driven boundary-layer and channel flow, for increasing Riτ and V˜ = 0.05.
Increase in Riτ increase the gradient of the concentration profile for the
channel flow, but for the boundary-layer the change is not significant.
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Figure 3.29: Normalized transverse RMS velocity, for increasing Riτ and
V˜ = 0.05. Turbulence intensity is suppressed with the increase in Riτ , though
the suppression isn’t too appreciable near the bottom wall for the
boundary-layer case.
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Figure 3.30: Normalized streamwise RMS velocity, for increasing Riτ and
V˜ = 0.05. Turbulence intensity is suppressed with the increase in Riτ ,
magnitude of turbulence suppression is not too high even in the channel flow
case, when compared with RMS velocities in the other orthogonal directions.
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Figure 3.31: Normalized wall-normal RMS velocity, for increasing Riτ and
V˜ = 0.05. Turbulence intensity is suppressed with the increase in Riτ , though
the suppression is more significant in the channel flow, in which along with
turbulence suppression, there is an increase in turbulence intensity in the
upper portion of the domain.
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Figure 3.32: Mean normalized TKE production (P˜), for increasing Riτ and
V˜ = 0.05. We do not see any appreciable change in P˜ (just a slight decrease)
with increase in Riτ for the boundary-layer case but we see appreciable
decrease (near the bottom wall) and slight increase (near the top wall) of TKE
production for the channel flow.
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Figure 3.33: Mean normalized TKE dissipation (˜), for increasing Riτ and
V˜ = 0.05. We do not see almost any change in the magnitude of ˜ with
increase in Riτ for the channel flow case, whereas magnitude of ˜ decreases
near the bottom wall and slightly increases near the top wall.
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Figure 3.34: Mean normalized TKE dissipation due to buoyancy (c˜′w˜′Riτ ), for
increasing Riτ and V˜ = 0.05. Magnitude of c˜′w˜′Riτ in the the domain
increases with increase of Riτ , though the quantum of increase for the channel
flow case is significantly higher than the boundary-layer case.
87
-­‐1	  
-­‐0.8	  
-­‐0.6	  
-­‐0.4	  
-­‐0.2	  
0	  
0.2	  
0.4	  
0.6	  
0.8	  
1	  
0.0001	   0.001	   0.01	   0.1	   1	   10	  z/
h	  
Flux	  Richardson	  number	  
Ri_tau=1-­‐OCH	  
Ri_tau=5-­‐OCH	  
Ri_tau=1-­‐CH	  
Ri_tau=5-­‐CH	  
Figure 3.35: Flux Richardson number (Rif ) in the domain for increasing Riτ
and V˜ = 0.05. The profile clearly shows that the degree of stratification
increases with increase in Riτ with an appreciable increase between 1 to 5 but
then it never gets higher than the critical value of 0.2 for any of the cases
(apart from near the velocity maximas, which is not physical).
88
-­‐1	  
-­‐0.8	  
-­‐0.6	  
-­‐0.4	  
-­‐0.2	  
0	  
0.2	  
0.4	  
0.6	  
0.8	  
1	  
0.00001	   0.0001	   0.001	   0.01	   0.1	   1	   10	  z/
h	  
Gradient	  Richardson	  number	  
Ri_tau=1	  
Ri_tau=10	  
Ri_tau=15	  
Ri_tau=18	  
Figure 3.36: Gradient Richardson number (Rig) in the domain for increasing
Riτ and V˜ = 0.05. The profile clearly shows that the degree of stratification
increases with increase in Riτ with an appreciable increase between 1 to 5 but
then like in the case of Rif , Rig never exceeds the critical value of 0.25, so
turbulence is never completely suppressed.
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Figure 3.37: Mean non-dimensionalized streamwise velocity of a pressure
driven boundary-layer (OCH) and channel flow (CH), for increasing Riτ and
V˜ = 0.05. In accordance with experimental and field observations, streamwise
velocity is found to be increasing with the increase in Riτ . The magnitude of
increase for the channel configuration is relatively higher than that of the
boundary layer.
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Figure 3.38: Mean non-dimensionalized sediment concentration of a pressure
driven boundary-layer and channel flow, for increasing V˜ and Riτ = 1.
Increase in V˜ increase the gradient of the concentration profile for the channel
flow, but for the boundary-layer the change is not very significant.
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Figure 3.39: Normalized transverse RMS velocity, for increasing V˜ and
Riτ = 1. There is no effect of increasing V˜ on turbulence intensity, mainly due
to a very low Riτ .
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Figure 3.40: Normalized streamwise RMS velocity, for increasing V˜ and
Riτ = 1. There is no effect of increasing V˜ on turbulence intensity, mainly due
to a very low Riτ . Interestingly the turbulence intensity maxima (near the
bottom wall) for both the configuration of flow is almost equal.
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Figure 3.41: Normalized wall normal RMS velocity, for increasing V˜ and
Riτ = 1. There is almost no effect of increasing V˜ on turbulence intensity,
mainly due to a very low Riτ . Unlike transverse and streamwise turbulence
intensity, self-stratification seem to dissipate (though a very small amount)
wall normal turbulence intensity.
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CHAPTER 4
CONCLUSIONS
The present study was instructive in few ways. In chapter 2, we explored the
effect of different shear Richardson number (Riτ ) and particle fall velocities (V˜ )
on a pressure driven channel flow. Though the turbulence in the flow will never
be completely suppressed, we did come across two distinct regime of flow, one
in which the flow is still fully turbulent through out the domain and the other in
which we saw the effect of local relaminarization of the flow. We saw almost the
same trends when we kept V˜ as constant and increased the sediment concen-
tration (Riτ ) and the vice-versa. So we came up with a dimensionless number
(V˜ Riτ ) which basically governs if a flow will remain in the fully turbulent regime
or it will locally relaminarize for flows having the same Reτ . And this number
should have an universal significance (though the value may vary) for any kind
of self-stratified flow, as it will tell at the outset if the initial condition used
has a potential to completely suppress turbulence (locally or globally). In chap-
ter 3, we explored the differences between the effect of self-stratification on a
pressure driven channel flow and a pressure driven boundary-layer (similar to
open channel flow). We found appreciable difference between how the channel
flow and the boundary-layer reacted for exactly the same value of V˜ Riτ . The
channel flow was found to be more susceptible to the effect of increasing strati-
fication. The results for the boundary-layer case was found to be in qualitative
agreement with a recent study [45] done for the same configuration but with
the driving force being, gravity acting on suspended sediment (like in the case
of a turbidity current). In chapter 3, we mainly explored the case in which V˜
was kept constant and Riτ was varied, so it would be interesting to see the
trends for the case with constant shear Richardson number and varying particle
fall velocity. Also, in the simulations for the boundary-layer case, turbulence
is never completely suppressed globally; so it would be interesting to explore
(if at all it exists) the point at which the turbulence is completely suppressed
and the corresponding V˜ Riτ . One aspect of the flow which was not discussed
was the sediment transport (or any transport) coefficient, which we think will
also be affected by self-stratification. It is already widely accepted that sedi-
ment size (V˜ ) affects the sediment transport coefficient, additionally we think
even sediment concentration (Riτ ) should play a role and should be included
in the theoretical analysis. This leaves an interesting problem to explore int he
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future. Throughout this thesis we have talked about varying V˜ , Riτ and even
boundary conditions but one parameter which was kept constant was the shear
Reynolds number (Reτ ) at 180. It is an important parameter which determines
the strength of the flow and in nature it is usually in the order of 104 and higher.
Ideally we would like to explore the present problem at higher Reτ but doing it
using DNS is almost near impossible. Out best bet in the area of high-resolution
simulation is to use LES, which creates a potential area of further research. So
along that line, for the present study we also tried to implement LES on top of
the DNS code used in the study, and Appendix A elucidates the methods we
adopted and the present status.
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APPENDIX A
LARGE EDDY SIMULATION
IMPLEMENTATION ON THE DNS CODE
Introduction
There is a large variation of scales in natural turbulent flows, and simulating
it through resolving all eddies (as done in DNS) is not a practical option due
to its very high computational cost. But turbulence modulation due to self-
stratification is a problem in which it is advisable to resolve as many scales of
turbulence as possible, because unlike non-stratified flows there is no singular
mechanism by which turbulence gets dissipated. The method that serves the
purpose of high-resolution and relatively low computation cost (depending on
the computational grid used) is Large Eddy Simulation (LES). LES is based
on our understanding of turbulence and its properties at different scales. Large
scales (smaller wave numbers) of turbulence are usually anisotropic and strongly
dependent on boundary conditions; where as small scales exhibit universality
[46]. So, unlike DNS where we try to resolve all the turbulent eddies (encom-
passing the full spectrum of wave numbers), in LES we try to resolve all eddies
having wave numbers in the inertial subrange (at least) and the rest (especially
the dissipation range) is modeled. The concept has been illustrated in Figure
A.1.
Three important factors which effect the quality of LES is the size of the grid
used for filtering eddies, the type of function used for filtering and the model
used for modeling the sub grid scale (unresolved) stresses. Size of the grid size is
usually governed by the computation power at our disposal and priori knowledge
of the process we are trying to simulate. The physical operation of filtering is
mathematically performed, by applying a low-pass filter to the governing equa-
tions. Some of the commonly used filters are the Sharp-Fourier cutoff filter, the
Gaussian filter and the Top Hat filter [1]. The crux of the LES simulations lies in
the model used to depict the physics in the sub-grid scales. The sub-grid scale
(SGS) models can be broadly classified into the eddy viscosity based models
[47][48], scale-similarity based models [49] and mixed model, which is combi-
nation of eddy-viscosity and scale-similarity based model [41]. Eddy viscosity
models have been developed based on dimensional arguments similar to RANS.
It can be considered as the product of a length scale and a velocity scale. In LES
the typical length scale is given by the filter width (grid size) ∆¯ and velocity
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scale can be taken as
√
q2sgs where qsgs is the SGS kinetic energy. Whereas
scale-similarity based models are based on the argument that there is enough
information in the resolved scales to allow some of the characteristics of the flow
field to be determined using them. The argument is based on an analytical hy-
pothesis that kinetic energy of the small-scale motions can be decomposed into
two parts; one due to energy transfer from the large scales which is correlated
with them; and the uncorrelated part. Further the proponent of scale-similarity
SGS models argue that the notion production equals dissipation does not hold
for the small scales in the decay of turbulence, as it does not account for the
uncorrelated component.
Mathematical Formulation
Basic equations to be solved in the LES implementation is almost similar to the
conservation of momentum, continuity and conservation of sediment equations
mentioned in the previous chapters, only difference being the extra terms (SGS
terms) generated due to application of LES filters.
∂ ¯˜ui
∂t˜
+
∂
∂x˜j
(¯˜ui ¯˜uj) = G˜− ∂
¯ˆp
∂x˜i
+
1
Reτ
∂2 ¯˜ui
∂x˜j∂x˜j
+Riτ
(
c˜− c˜(h)) eg− ∂τ˜ij,sgs
∂x˜j
(A.1)
∂ ¯˜ui
∂x˜i
= 0 (A.2)
∂ ¯˜c
∂t˜
+
∂
∂x˜j
((
u˜j + V˜
)
c˜
)
=
1
ReτSc
∂2¯˜c
∂x˜j∂x˜j
− ∂λ˜j,sgs
∂x˜j
(A.3)
where τij,sgs = uiuj − u¯iu¯j and λj,sgs = ujc− c¯u¯j , and rest of the terms are
same as defined in the previous chapters[8]. Also, the overbar over a variable
represents the application of the LES filtering operation on it. But for the initial
implementation we do not include the concentration equation, so the equations
for which the LES was implemented are
∂ ¯˜ui
∂t˜
+
∂
∂x˜j
(¯˜ui ¯˜uj) = G˜− ∂
¯ˆp
∂x˜i
+
1
Reτ
∂2 ¯˜ui
∂x˜j∂x˜j
− ∂τ˜ij,sgs
∂x˜j
(A.4)
∂ ¯˜ui
∂x˜i
= 0 (A.5)
where the channel half width h and the friction velocity u∗ are used to make
the equations dimensionless and define Reτ . For the SGS portion of the stress
the dynamic eddy viscosity model [48][50] was used. In it the SGS Reynolds
stresses τij were modeled by an eddy viscosity assumption
τij − δij
3
τkk = −2νT S¯ij = −2C (z, t) ∆¯2|S¯|S¯ij (A.6)
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in which δij is the Kroneckers delta, and |S¯| is the magnitude of the large-
scale strain rate tensor S¯ij =
1
2
(
u¯i
xj
+
u¯j
xi
)
. After the grid filter we use another
filter, which is called the test filter. The sub-test stresses are parameterized in
the same way as the sub-grid ones, by
Tij − δij
3
Tkk = −2C (z, t) ˆ¯∆
2| ˆ¯S| ˆ¯Sij (A.7)
An identity that relates the resolved turbulent stresses Lij = ̂¯uiu¯j − ˆ¯ui ˆ¯uj , the
SGS stresses τij and the sub-test scale stresses Tij = ûiuj − ˆ¯ui ˆ¯uj is
Lij = Tij − τˆij (A.8)
Substituting A.6 and A.7 into A.8, and minimizing error using the least-square
method yields [50]
C (z, t) = −1
2
〈LijMij〉
〈MijMij〉 (A.9)
where 〈.〉 denotes averaging over a plane parallel to the top/bottom walls and
Mij =
ˆ¯∆2| ˆ¯S| ˆ¯Sij − ∆¯2 ̂|S¯|S¯ij (A.10)
In the current implementation the first filter used was the grid filter, and for
it we were not required any specific implementation. As the computational grid
used is coarser than what required for resolving all the turbulent eddies, the
grid filter filters out wave numbers higher than pi/∆. The base DNS code on
which the LES is implemented is the pseudo-spectral code that was used for the
DNS calculations in the previous chapters, thus automatically the grid filter is
a sharp Fourier cutoff filter in the x-y direction and truncation in Chebyshev
space in the wall normal (z) direction. In order to be consistent, sharp Fourier
cutoff is also used as the test filter in the x-y direction and no test filter is used
in the z direction.
Sub-grid scale (SGS) stresses were calculated using equation A.6, in which
S¯ij is calculated using the u, v and w (velocity) obtained at each computational
node at the end of previous time step. Also, C (z, t) was calculated at each step
using equation A.9, for which the values of Lij and Mij were calculated using
equations A.8 and A.10 respectively; further details of the implementations have
been provided in the next section. Finally, ∆¯ is governed by the computational
grid size used and only thing we need to specify is the ratio of the filter widths
ˆ¯∆/∆¯. For the present study we used filter width ratio specified by Piomelli[51].
ˆ¯∆1 = 2∆¯1
ˆ¯∆2 = 2∆¯2
ˆ¯∆3 = ∆¯3
ˆ¯∆
∆¯
=
(
ˆ¯∆1
ˆ¯∆2
ˆ¯∆3
∆¯1∆¯2∆¯3
)1/3
= 3
√
4
(A.11)
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Implementation on the DNS code
A mix of Crank-Nicolon (for the diffusion term) and 3rd order Runge-Kutta is
used for time integration in the base DNS code. One complete time step in the
code consists of three stages that are similar to each other. The three stages
happen one after the other and once completed, it completes the updating of
the velocity filed. An example stage in vector notationa is shown below
~H(n+1) = ∆tA
(
~u(n)
)− α ~H(n)
~u(n∗) = ~u(n) + β ~H(n+1) + γ∆t[D
(
~u(n)
)
+D
(
~u(n∗)
)
]
∇2pn+1 = λ∆t ~∇ · ~u(n∗)
~u(n+1) = ~u(n∗) + ∆tλ ~∇p(n+1)
(A.12)
where α, β, γ and λ are constants which depend on the stage of the time
stepping scheme, D (.) is the diffusion operator and A (.) the advection operator.
Though A (.) is only the advection operator, in the code the sub-routine which
computes H includes other right hand side terms of the Navier-Sotkes equation,
like the body force term (due to Gravity or a constant pressure gradient). Thus,
it is in the sub-routine comp h (computes all the term on the right hand side
of the Navier-Stokes equation) that we added the call for the sub-routine that
computes the sub-grid scale stresses. This is an efficient way to implement LES
on an existing DNS code and can be used for any code setup in the above-
mentioned way.
The sub-grid scale stress computation has two major parts, one the computa-
tion of the sub-grid scale stresses from the velocity filed and second the filtering
operation on different variables. As the filter used in the x-y direction is a sharp
Fourier cutoff filter, all the filtering operations were done in Fourier space. Also
the filtering operation was required several times during the computation of the
sub-grid scale (SGS) stresses, thus the filtering operation was assigned a sep-
arate sub-routine (filter f) and was called whenever required from getsgsm.
getsgsm is the sub-routine which calculates the SGS stresses and is called by
comp h during each stage of the time stepping scheme. getsgsm required more
new variables which were defined as global variables during the initialization
of the code. Some of the variables were reused inside getsgsm in order to in-
crease memory efficiency. The original DNS code performed dealiasing while
calculating the non-linear terms; for the LES implementation two versions of
the sub-routine was created, with and without performing dealiasing while cal-
culating the non-linear terms in getsgsm. This was done in order to compare
the results, which were found to be same, thus here we have elucidated the
implementation of the case with dealiasing. Also, all the computations except
for the non-linear terms were conducted in Fourier space.
After getsgsm has been called form comp h, the first step is to calculate
Lij . Six different combinations of u¯iu¯j were computed in Real space using the
enlarged velocity variables from the previous time step. These variables (u¯iu¯j)
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were transformed back to Fourier space and eventually filtered using filter fl
to get ̂¯uiu¯j . Similarly ˆ¯ui ˆ¯uj was calculated and combined with ̂¯uiu¯j in real space
to get Lij using Lij = ̂¯uiu¯j − ˆ¯ui ˆ¯uj . Next Mij was calculated but in order
to do that we had to first calculate | ˆ¯S| ˆ¯Sij and ̂|S¯|S¯ij . Strain rate tenor was
calculated in Fourier space from u¯i using the relation S¯ij =
1
2
(
u¯i
xj
+
u¯j
xi
)
. S¯ij
is then enlarged and filtered (using filter fl) to get ˆ¯Sij . Next,|S¯| and | ˆ¯S| were
calculated in Real space and eventually they were used to calculate |S¯|S¯ij and
| ˆ¯S| ˆ¯Sij . Finally Mij was calculated (A.10) using | ˆ¯S| ˆ¯Sij computed in the previous
step and ̂|S¯|S¯ij , which was obtained by filtering |S¯|S¯ij . While calculating Mij
we also used ∆¯2 and ˆ¯∆2, which are constants for a particular simulation; hence
they were calculated once while initializing the code and used during every time
step. Next, 〈LijMij〉 and 〈MijMij〉 were calculated, eventually leading to the
calculation of the dynamic coefficients C (z, t) using equation (A.9). Finally
the SGS stresses were obtained in real space using the already computed values
of C (z, t), |S¯|S¯ij and ∆¯2. For the last step of getsgsm, SGS stresses were
transformed back to Fourier space, differentiated and then summed up according
to the direction in which they act.
ri =
∂τij
∂xj
(A.13)
Values obtained from A.13 were then used in comp h in order to complete
the right hand side of the Navier-Stokes equation. Throughout getsgsm the
filtering operations were conducted in Fourier space. For filtering, we zeroed
the highest wave number in the x and y directions. Further details of getsgsm,
filter f and filter fl can be obtained from the computer code.
Results and Conclusions
The code once implemented was tested for different Reynolds number for a chan-
nel flow configuration, with no-slip boundary condition at the top and bottom
wall and flow being driven by a constant pressure gradient. Many test simula-
tions were run, but only a selected few have been discussed here. Simulation of
shear Reynolds number (Reτ ) 180 was done using a grid size 96×96×97 (which
is enough to do DNS) for a channel of the dimension 4pipi/3 × 2 (dimension is
the same as that used in previous chapters). This test was done for an initial
check on the LES model to gauge major implementation errors. As the grid
size used is good enough to do DNS, we see a near perfect match of the LES
velocity profile with the DNS data and the log-law ( FigureA.2). For the log-law
of smooth walls we used u+ = 10.41 ln (z
+) + B, where B is 5.5 but Schlichting
and Gersten [52] recommends a value of 5.0 for B. The exact value of B (for a
smooth wall) is debatable, as it depends on the Reynolds number of the flow.
But any value between 5.5 and 5.0 should serve our purpose. A near perfect
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match shows that the implemented code does not have any major errors but in
order to exactly gauge the accuracy of the implementation, we simulated using
the same setup (same grid resolution) but for shear Reynolds number 590 and
1050. The simulations on reaching the steady state were off from the log-law
for a smooth wall (FigureA.2). To investigate the problem further, we ran a set
of simulations for shear Reynolds number 590 but increased grid resolution. We
found out that the velocity profiles from the LES simulations became appre-
ciably more accurate with increase in computation grid resolution (FigureA.3).
To check the validity of the LES model implemented, we plotted the dynamic
Eddy Viscosity coefficient C (z, t), and the values of C (z, t) matched well with
the values obtained by Piomelli [51] for a similar case.
In LES the purpose of the dynamic eddy viscosity is to dissipate the excess
energy, which would otherwise have been automatically dissipated by breaking
down of eddies into smaller eddies, if all eddies would have been resolved (as
in the case of DNS). So, when a LES model does not work correctly, typically
the simulation becomes highly unstable due to non-dissipation of energy. In our
case, surprisingly the simulated flow has lesser energy (is slower) than expected
(the log-law). The velocity profiles we get look similar to those for channel flows
with roughness [52]. Using the log-law for a rough wall
u+ =
1
0.41
ln
(
z30
h
h
ks
)
(A.14)
We find that for a normalized roughness (normalized using half channel height
h) h/ks = 0.001, the simulated velocity profile matches appreciably. So, it seems
that in the LES simulations, numerical error is being generated at the wall,
which is creating a small artificial roughness. We can say that this problem
is being generated at the boundary (wall) because the problem is found to
be getting smaller with increase of grid resolution. It is important to point
out here that the grid resolution required to simulate a DNS for Reτ is 384 ×
384 × 257 for a domain of size 2pi × pi × 2 (almost half of the volume of the
domain we are simulating) [53]. At this point we cannot conclusively figure out
the root cause of the problem. The two explanations we have are; either the
LES model is dissipating more energy than it should or there is appreciable
numerical divergence (mass loss) at the wall, which is slowing down the flow.
If the problem is the second one, it has been carried over from the base DNS
code on which we have implemented the LES model. Further investigation is
required using Method of Manufactured Solutions [54] to check the veracity
of the base DNS code. The main purpose of this article was to provide a
descriptive guide of how to implement a dynamic eddy viscosity LES model on
an existing pseudo-spectral DNS code. The computer code further explanation
about the implementation. For the computer code and questions, please contact
the author.
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Figures
Figure A.1: This figure illustrates scale separation in LES, in Physical and
Fourier space. The grid in the left is the computational grid used for LES
calculations, the grey ellipses are the resolved turbulent eddies and the black,
unresolved eddies that have to be modeled. ∆¯ is the size of the computational
grid. In the right is the plot of the energy spectrum and corresponding wave
number. The shaded region consists of the wave numbers, which are modeled,
and the rest are resolved. In case of a DNS the shaded region does not exist,
all the wave numbers are resolved [1].
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Figure A.2: The plot shows the velocity profile (at steady a statistically steady
state) in inner co-ordinates for LES simulations at different Reτ (180, 590 and
1050) using a 96× 96× 97 computation grid. The velocity profiles have been
compared with the DNS data for Reτ 180 and with the velocity log-law for all
of them. Along the expected line, Reτ 180 case matches perfectly with the
DNS data and the log-law. For Reτ 590 and 1050, the velocity profiles are off
from the expected value.
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Figure A.3: LES simulations of Reτ 590, for different grid resolutions. The
simulation is more accurate for a higher grid resolution. Instead of matching
with the log-law for a smooth wall, the velocity profiles are off. Distance by
which the velocity profiles are off, decrease with increase in grid resolution.
Along with the log-law for a smooth wall, log-law for a rough wall is also
plotted, and the simulated velocity profile for a grid resolution 170× 170× 171
matches appreciably.
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